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ABSTRACT 
During the work v/hicli forms the "basis of t h i s t h e s i s , 
8 and 12 mole % Y t t r i a S t a b i l i z e d Z i r c o n i a (Y3Z) s i n g l e 
c r y s t a l s have "been st u d i e d from the E l e c t r o n Paramagnetic 
.Resonance ( e . p . r . ) and O p t i c a l Spectroscopy p o i n t s of view,-
Jn "both the as grown s t a t e and a f t e r current "blackening "by 
current passage at s e v e r a l current d e n s i t i e s . Experimental 
f a c t o r s l i m i t e d the range of current d e n s i t y used to "between 
2 
0.1-5 A/cm f o r the study of o p t i c a l spectroscopy and to 
2 
"between 1-25 A/cm f o r e.p.r. 
The e . x j.r. study was made at 35 GHz, using a c a v i t y 
spectrometer,•at 293 °K and 77 °K. These measurements were 
d i f f i c u l t because of the low s p i n d e n s i t i e s encountered and 
because of the_ c a v i t y damping caused by blackened c r y s t a l s . 
They showed i n as grown m a t e r i a l , the presence of an 
"F-Centre," ( e ~ + (o)*' + Y i o n ) . T h i s complex was a l s o 
seen i n blackened c r y s t a l s . I n a d d i t i o n , i n both as grown 
and blackened c r y s t a l s a second l i n e was observed due 
3 2 
p o s s i b l y to Zr or Y + . A t h i r d l i n e , appearing only 
a f t e r c u r r e n t passage seemed to be more l i k e l y to a r i s e 
from conduction e l e c t r o n s than from colour centres or p a r a -
magnetic i o n s . 
Prom o p t i c a l absorption s p e c t r a the band gap energies 
were c a l c u l a t e d to be L|..50 ev and k.ll5 ev, at 293 °K f o r 
the 8 and 12 mole % as grown YSZ r e s p e c t i v e l y . Attempts 
made to f i t the absorption curves to the conventional 
formulae f o r semiconductors ahov;ed that the only near f i t 
was f o r an i n d i r e c t allov/ed t r a n s i t i o n and t h i s only h e l d 
f o r the t a i l r e g i o n of the absorption edge. For absorption 
s p e c t r a of d i f f e r e n t l y "blackened samples, two methods 
( t r a n s r n i s s i o n - t r a n s m i s s i o n and r e f l e c t i v A t y - 1 r a n s m i o s i o n ) 
were applied at 293 °K. They showed that the absorption 
curves s h i f t e d n o n - l i n e a r l y "beyond 1 .0 micron as compared 
w i t h the absorption edge p o s i t i o n f o r the as grown Samples. 
An explanation of t h i s i s suggested as due to s c a t t e r i n g 
of l i g h t from c o l l o i d a l m e t a l l i c Zr p a r t i c l e s . 
From t r a n s m i s s i o n s p e c t r a , made at 293 °K for both 
8 and 12 mole % as grown YSZ, the Debye temperatures were 
c a l c u l a t e d to he 660 - 12 °K and 666 i 12 °K r e s p e c t i v e l y . 
R e f l e c t i v i t y and r e f r a c t i v e index measurements were a l s o 
made. 
Some ge n e r a l c o n c l u s i o n s are given. 
INTRODUCTION 
INTRODUCTION 
As w i l l be r e a l i z e d from the general review, previous 
work on Y t t r i a - S t a b i l i z e d - Z i r c o n i a (YSZ) has been concentrate 
on the problems r e l a t e d to the determination of the c o n d u c t i -
v i t y mechanism, i n p a r t i c u l a r to s e p a r a t i n g the i o n i c and 
e l e c t r o n i c c o n t r i b u t i o n s to the c o n d u c t i v i t y and to the 
temperature, oxygen p a r t i a l p r e s s u r e and c r y s t a l l o g r a p h i c 
s t r u c t u r e dependencies i n v o l v e d . 
The magnetic and the o p t i c a l p r o p e r t i e s of YSZ have not 
been st u d i e d before. Very few e l e c t r o n paramagnetic r e s o n -
ance ( e . p . r . ) measurements have been reported up to now, 
C a s s e l t o n et a l . ( l 9 7 l ) , perhaps because s i n g l e c r y s t a l 
m a t e r i a l i s not r e a d i l y a v a i l a b l e and because explanations 
of the c r y s t a l l i n e - s t a b i l i t y , mechanical and e l e c t r i c a l 
p r o p e r t i e s are s t i l i at an e x p l o r a t o r y stage. 
I n the present Work 8 and 12 mole % YSZ as grown and 
d.c. blackened s i n g l e c r y s t a l s were s t u d i e d by Microwave and 
O p t i c a l Spectroscopy, i n order to seek an answer to the 
nature of the changing c h a r a c t e r of the cur r e n t blackened 
c r y s t a l s as compared w i t h as grown ones. 
The s t r u c t u r e on which the t h e s i s was based on can be 
s ummar i ze d as fo11ows: 
A f t e r the p r e s e n t a t i o n of the general review of the 
previous s t u d i e s , the f i r s t three chapters d i s c u s s e.p.r. 
and the second three the o p t i c a l p r o p e r t i e s of YSZ, i n both 
as grown, s i n g l e c r y s t a l s and d.c. blackened forms. For 
each group separate chapters give the r e l a t e d background 
theory, the experimental tech'iiques, and the r e s u l t s and 
d i s c u s s i o n s . 
v i i . 
The t h e B i s f i n i s h e s with some general c o n c l u s i o n s . 
Some of the supplementary experimental data i s presented 
i n appendices. 
P a r t of the e.p.r. work was undertaken J o i n t l y w i t h 
another r e s e a r c h student, Mr. J . S. Ross. 
v i i i . 
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G• H i s t o r i c a l review of Y t t r l a - Z i r c o n i a system 
I n t h i s g e n e r a l review, we review progress made i n the 
study of Y t t r i a - Z i r c o n i a s o l i d s o l u t i o n s s i n c e the f i r s t 
d i s c o v e r y by Nerst (1.900). 
U n s t a b i l i z e d z i r c o n i a (ZrOg) i s l i t t l e used i n high 
temperature technology, as Ruff and E b e r t (1929).showed that 
i t undergoes a monoclin i c - t e t r a g o n a l phase change around 
1100°C. This problem can be overcome by forming s o l i d 
s o l u t i o n s w i t h c e r t a i n recommended s t a b i l i z i n g a d d i t i v e s . 
The a d d i t i o n of these forms cubic m o d i f i c a t i o n s which are 
c l o s e l y r e l a t e d to the f l u o r i t e s t r u c t u r e . Examples are YgO^ 
Duwez e t . a l . (1951) and CaO Duwez e t . a l . (1950) e t c . ( s e e 
a l s o review..books of Alp e r (1 970).,__Weber (196.U) and 
Ryschkewitch (1960) f o r other a d d i t i v e s ) . The cu b i c 
s t a b i l i z e d systems so formed do not undergo phase changes 
such as occur i n u n s t a b i l i z e d z i r c o n i a . We s h a l l r e t u r n 
l a t e r to the doubts, s t i l l not c l e a r e d up, about the complete 
s t a b i l i z a t i o n p rocess and the order-disorder problem. 
C h r o n o l o g i c a l l y the e a r l i e s t usage of y t t r i a and z i r c o n i a 
compositions was f o r observation-of the high temperature 
e l e c t r o l y t e c h a r a c t e r i s t i c s . T h i s was f i r s t observed by 
Nerst (1900) who q u a l i t a t i v e l y detected the e v o l u t i o n of 
oxygen from a rod of composition {^2^3^0 1 5^% r®2 ^ 0 85" I v I o r e 
r e c e n t l y 7/elninger and Zemany (195^ ) made q u a n t i t a t i v e 
measurements of the e l e c t r o y t i c e v o l u t i o n of oxygen and 
found that 7-80Jo of the c u r r e n t could be accounted f o r by 
i o n i c conduction depending on temperature, c u r r e n t flow and 
9 OCT Mono; 
3. 
previous h i s t o r y of the m a t e r i a l . 
Schottky (1935) d i s c u s s e d the problem of s o l i d e l e c t r o -
l y t e s from the t h e o r e t i c a l point of view. 
Two years l a t e r , Baur and P r e i s (1937) constructed the 
f i r s t s o l i d o x i d e - e l e c t r o l y t e f u e l c e l l i n the form of a 
ceramic tube of ( Z r 0 2 ) 0 3 5 ^ 2 ° 3 ^ 0 15' a m a t e r : i - a ] - which Nerst 
had p r e v i o u s l y shown to possess a r e l a t i v e l y high i o n i c 
c o n d u c t i v i t y . 
Wagner (1943) proposed that oxide s o l i d s o l u t i o n s of 
the type ( ) x ( ZrG>, )^ _ x contain vacant oxygen ion s i t e s , 
one vacancy o c c u r r i n g f o r two ions s u b s t i t u t e d for Z r ^ + 
ion i n the f l u o r i t e - t y p e c r y s t a l s t r u c t u r e . He assumed t h a t 
t h i s would l e a d to high oxygen ion c o n d u c t i v i t y . 
Hund (1951) showed the c o n s i s t e n c y of t h i s oxygen i o n 
vacancy model, f o r these oxides by c o r r e l a t i n g X-Ray and 
pycnometric d e n s i t y data. 
Kiukkola and Wagner (1957) have obtained high tempera-
ture data using a g a l v a n i c - c e l l with an e l e c t r o l y t e of z i r c o n i a 
c o n t a i n i n g c a l c i a and demonstrated that conduction was p u r e l y 
i o n i c . 
S t r i c k l e r and C a r l s o n (1964) have estimated the oxygen 
ion t r a n s f e r number from the c o n d u c t i v i t y measurement of a 
sample of ( Y 2 ° 3 ^ 0 0 9 ^ Z r 0 2 ^ 0 91 a S Sweater. than 0.99. 
Bray and Merten (1964) have found that maximum e l e c t r i -
c a l c o n d u c t i v i t y occurs c l o s e to the monoclinic-cubic s o l i d 
s o l u t i o n phase boundary. 
Dixon et.al. ( 1 9 6 3 ) and l a t e r S t r i c k l e r and C a r l s o n (1965) 
showed that the maximum c o n d u c t i v i t y in. MpO^ - ZrO^ s o l i d 
s o l u t i o n s i n c r e a s e d as the i o n i c r a d i u s of the s u b s t i t u t e d 
c a t i o n was reduced. 
Loup et.al„ ( 1 9 6 5 ) , Anthony ( 1965) and Foex e t . a l . ( l 9 6 7 ) 
have made s e v e r a l c o n d u c t i v i t y measurements i n the re g i o n 
of composition of the samples used here. 
Robert e t . a l . (1967) showed t h a t the c o n d u c t i v i t y i n 
s e v e r a l 8 mole M20^ - ( Z r , Hf, Th) 0 2 s o l i d s o l u t i o n s 
i n c r e a s e d r a p i d l y with decreasing l a t t i c e parameter. 
C a l l l e t e t . a l . (1968) suggested the presence of tv/o 
types of complexes, such as (2 Y S r , V o ) x , n e u t r a l , and 
(Yg,^, Vo), i o n i z e d , i n order to e x p l a i n the e x i s t e n c e of the 
two t r a n s i t i o n s i n the Lnd- 1/T curve. 
C a s s e l t o n (1970a) found that the complexes mentioned 
above were not i n c o n s i s t e n t with the experimental data i f 
conc e n t r a t i o n dependent m o b i l i t y due to l a t t i c e s t r a i n s was 
a l s o considered. 
Bauerle _et , a l . (19-6.9.)- proposed two mechanisms f o r the 
two observed t r a n s i t i o n s i n the Lntf- 1/T curve f o r p o l y -
c r y s t a l l i n e YSZ as "oxygen vacancy trapping by Y t t r i a i o n s " 
and " Y t t r i a r i c h g r a i n boundary conduction." 
G a s s e l t o n ( 1 9 7 0 a ) , however, concluded t h a t , according 
to the comparative measurements made on 8 ,3 mole % YSZ 
s i n g l e and 8 .5 mole % YSZ p o l y c r y s t a l l i n e samples, the g r a i n 
boundary conduction mechanism me.nti.oned- above was l i k e l y to 
be i n s i g n i f i c a n t . 
Pace e t . a l . (1969) d i s c u s s the c r y s t a l l i n e s t a b i l i t y of 
our two kinds of as grown samples. The Debye temperature 
i s around 600°K, der i v e d from the e l a s t i c constants 
e x t r a p o l a t e d to 0°K. 
.Bauerle (1969 ) showed, by a complex admittance method, 
the presence of three p o l a r i z a t i o n regions of YSZ. T h i s i s 
a l s o v e r i f i e d i n Ca s s e l t o n ' s a r t i c l e s mentioned below dated 
1968 et seq, by F i s h e r (1970) and by Gokhshtein ( 1 9 7 0 ) . 
Because of t h e i r importance i n the present context 
previous s t u d i e s on d.c. blackening of YSZ and i t s con3equen 
ces are l i s t e d b r i e f l y below: 
Weininger e t . a l . (1954) pointed out that YSZ shows a 
c h a r a c t e r i s t i c b l a c k colour, i n i t i a t i n g at the cathode, 
when high current d e n s i t y i s a p p l i e d . 
Karpachev e t . a l . (1966) and K l e i t z (1968) have examined 
the conditions of b l a c k e n i n g . 
Jacquin e t . a L (1967) explained that the enhanced 
c o n d u c t i v i t y during the blackening Was due to e l e c t r o n i c 
c o n t r i b u t i o n . 
A s e r i e s of a r t i c l e s by C a s s e l t o n (1968a, 1968b, 1968c, 
1970a) c o n t r i b u t e much to our understanding of the b l a c k 
YSZ. Repeated r e f e r e n c e i s made to them i n the t e x t . 
C a s s e l t o n p o s t u l a t e s that current blackening i s due to 
trapped e l e c t i o n s i n anion v a c a n c i e s , an e f f e c t which i s 
s i m i l a r to that observed when YSZ i s heated to a high 
temperature i n vacuum. We s h a l l see i n Chapter 3 that-e.p.r 
r e s u l t s obtained here support these two p o s t u l a t e s . 
The a c t i v a t i o n energy drop3 to a s 0.2 ev f o r "black" 
YSZ Compared with ~ 0.7. - 0.9 ev in._the "as gro.wn" m a t e r i a l 
which i n d i c a t e s t h a t the pseudo band gap d e c r e a s e s . T h i s 
i s v e r i f i e d by the s h i f t of the absorption edge to higher 
wavelengths as w i l l be seen i n Chapter 6. 
F r i a b i l i t y and l o s s of weight have a l s o been reported 
f o r c urrent blackened samples. T h i s mechanical weakening i s 
a t t r i b u t e d to a s t r u c t u r a l transformation by G u i l l o u e t . a l . 
( 1 9 6 8 ) . Gokhstein (1970) suggests i t i s due to a monoclinic 
phase i n the cubic s t r u c t u r e . On the other hand, Adams et .a 
6. 
(1970) r e p o r t t h a t no monoclinic formation i s observed. The 
l a c k of observation of the monoollnic phase, i f . there i s any, 
"by X-Ray powder methods may be explained due t o the small 
q u a n t i t y ( l e s s than 5%) of the d i f f e r e n t s t r u c t u r e i n the 
samples, Appendix 1 . 
G.2 The s t a b i l i z a t i o n problem 
G.2.1 Minimum content of y t t r i a f o r s t a b i l i z a t i o n 
Beside the research of the c o n d u c t i v i t y k i n d the y t t r i a 
z l r c o n i a system has been the subject of s e v e r a l phase 
e q u i l i b r i a studies of which the foremost i s t h a t of Duwez 
et ,al. (1951 ) . According t o t h e i r data a minimum of 8 mole % 
y t t r i a i s r e q u i r e d t o achieve complete s t a b i l i z a t i o n of 
z i r c o n i a at a temperature of 2000°C. 
Fu-kang e t . a l . ( l 9 6 3 ) suggested t h a t the amounts of y t t r i a 
s t a b i l i z e r r e q u i r e d were very dependent on f i r i n g temperature, 
r e p o r t i n g t h a t 15 mole % y t t r i a i s r e q u i r e d at 1750°C and a 
minimum of 7 mole % at 2150°C. These r e s u l t s are i n substan-
t i a l agreement w i t h those of G e l l e r and Yavorsky (19^-5), 
D i e t z e l and Tober (1953) and of S t r i c k l e r and Carlson (1961+)* 
G.2.2 S t r u c t u r e 
Associated w i t h the studies of the determination of the 
minimum content of y t t r i a needed t o s t a b i l i z e z i r c o n i a , two 
groups of ideas have been developed about the phase of YSZ. 
Roth (1956) and Gollongues e t . a l . ( 1 9 6 1 ) have i n d i c a t e d 
t h a t a pyrochlore phase YgZrgCL, may e x i s t i n the system of 
y t t r i a - z i r c o n i a . However as and Z r ^ + have s i m i l a r 
s c a t t e r i n g f a c t o r s , the d e t e c t i o n by X-Ray techniques would 
be most d i f f i c u l t . But Fu-Kang et.al.(1962 and 1963) r e -
opened the question of the existence of a pyrochiore s t r u c t u r e 
f o r YSZ. Although Duwez et.al . ( 1 9 5 1 ) and Hund (1951) found 
no evidence f o r t h i s system i n t h e i r ' phase e q u i l i b r i a s t u d i e s . 
The works of Roth (1956) and S t r i d o r and Carlson (196U) 
have detected a f l u o r i t e s t r u c t u r e . L a s t l y Smith (1966) 
gave convincing evidence f o r a f l u o r i t e - t y p e s t r u c t u r e based 
on neutron d i f f r a c t i o n a n a l y s i s . 
Our 8 and 12 m/o YSZ "as grown" and "blackened" c r y s t a l s 
have been indexed as f l u o r i t e - t y p e s t r u c t u r e s . The d e t a i l s 
of the c a l c u l a t i o n s of l a t t i c e parameters are given i n 
Appendix 1 . 
G.2.3 Doubts about complete s t a b i l i z a t i o n s 
I n the review paper i n ( I968) Barker discusses the 
s t a b i l i t y of z i r c o n i a w i t h MgO^ type a d d i t i v e s by reference 
to c o l l e c t e d data. 
There are two groups of ideas: 
1. "The substoi.chiometric f l u o r i t e r e l a t e d phases are 
•formed by the random c r e a t i o n of anion vacancies (Koch (196U), 
Hund (1952), Hund (1965), 'Wagner (19^-3)). Thus i t has been 
assumed t h a t the c a t i o n l a t t i c e remains v i r t u a l l y unchanged, 
t h a t the two or more c a t i o n species or s i n g l e c a t i o n species 
i n two valence s t a t e s are d i s t r i b u t e d at random and occupy 
a l l the normal c a t i o n s i t e s and the d e v i a t i o n s from s t o i c h i o -
metry are compensated by the. random removal of anions from 
the anions l a t t i c e . " 
2. An increasing number of workers consider the above 
model t o be a gr o s s l y o v e r s i m p l i f i e d ( B r i s s et . a l . (1967), 
Roberts et.al . ( 1 9 6 7 ) , Bevan et . a l .(1 965), Hoch et,al . ( 1 9 6 7 ) ) 
because i t ignores the e f f e c t of i n t e r a c t i o n between d e f e c t s . 
For example, at l e a s t one i n e i g h t of the anion s i t e s may be 
vacant i n some re p r e s e n t a t i v e systems i n terms of t h i s model 
(B r i s s e e t .al.(1967) , Bevan e t . a l . ( l 9 6 5 ) , Collongues e t . a l . 
(1965))- Even from a simple c o n s i d e r a t i o n of e l e c t r o s t a t i c 
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r e p u l s i o n some degree of o r d e r i n g of these p o i n t defects would 
he expected i n order t o minimize the i n t e r a c t i o n , of the p o i n t 
charges so-created. The t r u e nature of the f l u o r i t e - r e l a t e d 
phases and s p e c i f i c a l l y the s t r u c t u r a l p r i n c i p l e r e l a t i n g the 
known ordered intermediate compounds> which correspond t o a 
serie s of c l o s e l y r e l a t e d arrays of generic formula Mn0^n_2 
Sawyer et a l (1965), c o n s t i t u t e s one o f the major unresolved 
problems i n the f i e l d of the s o l i d s t a t e chemistry of metal 
Oxide systems. 
G.3 Thei uses of y t t r i a s t a b i l i z e d z i r c o n i a 
Y t t r i a s t a b i l i z e d z i r c o n i a has been w i d e l y u t i l i z e d i n 
various h i g h temperature r e f r a c t o r y a p p l i c a t i o n s . 
Because of t h e i r r a t h e r unique e l e c t r i c a l p r o p e r t i e s 
and considerable p o t e n t i a l , these s t a b i l i z e d z i r c o n i a based 
s o l i d s o l u t i o n s are also used__as. s o l i d e l e c t r o l y t e s i n g a l -
vanic and f u e l c e l l s Kiukkola e t . a l . ( l 9 5 7 ) , Weissbart (1962). 
Also cubic YSZ makes a promising electrode m a t e r i a l f o r 
use i n Magnetohyurodynamic (MHD) generators. This has been 
shown by Hspworth et , al . ( l 9 6 3), and a r i s e s because ZrOg, 
r a t h e r than Hafnia f o r economic reasons, i s o x i d a t i o n r e s i s -
t a n t , has a high c o n d u c t i v i t y at 200G°C and low vapour 
pressure at these temperatures (being i n -this respect 
s i m i l a r t o Y t t r i a , Ackermann (1961+)) and extending s t a b i l i t y 
down to room temperature. 
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ELECTRON PARAMAGNETIC RESONANCE PHENOMENA 
1.1 I n t r o d u c t i o n 
E l e c t r o n Paramagnetic Resonance (EPR) may "be defin e d as 
a class of spectroscopic methods f o r examining f a i r l y l o c a l i z e d 
paramagnetic centres, i n our case i n a c r y s t a l l i n e e n v i r o n -
ment such t h a t an absorption of energy may he recorded as a 
f u n c t i o n of the s t r e n g t h of an e x t e r n a l l y a p p l i e d f i e l d , 
w h i l e the microwave frequency i s kept, constant. The spectra 
obtained are i n t e r p r e t e d i n terms of t r a n s i t i o n s "between the 
energy l e v e l s of an E f f e c t i v e s p i n Hamiltonian which contains 
parameters r e l a t i n g t o the i n t e r a c t i o n s of the centres w i t h 
t h e i r environment. The magnitude and angular dependence of 
these parametres can give considerable d e t a i l e d i n f o r m a t i o n 
about the nature of*, the centre., . . 
Prom the above i t f o l l o w s t h a t EPR concerns only m a t e r i a l s 
having unpaired e l e c t r o n s . However there are some classes of 
mat e r i a l s i n nature such as t r a n s i t i o n metal ions, ( r a r e 
e a r t h s ) having incomplete d - s h e l l s ( f - s h e l l s ) which f u l f i l 
t h i s requirement. The expe r i m e n t a l l y determined EPR data 
f o r these m a t e r i a l s have been e x t e n s i v e l y t a b u l a t e d i n three 
review a r t i c l e s of Bowers and Owen (19-55), Or ton- (1 959), 
Low and Offenbacher (1965) and the books of Pake (1962), 
A l ' t s c h u l e r and Kossyrev {^304-), since i t s discovery by 
Zavoisky (19U5). 
Apart from t r a n s i t i o n group ions, e l e c t r o n i c dipoles may 
a r i s e i n a number of ways; of these two concern us c l o s e l y 
as quoted below, 
Point d e f e c t s , such as ah e l e c t r o n occupying a negative 
i o n vacancy ( F - c e n t r e ) , or conduction electrons i n YSZ as a 
11. 
probable r e s u l t of the c r e a t i o n of c o l l o i d a l p a r t i c l e s by 
i. 
c u r r e n t passage at high c u r r e n t d e n s i t i e s . 
A prominent f e a t u r e of n e a r l y a l l these cases i s t h a t 
v/e are d e a l i n g w i t h s i n g l e e l e c t r o n s w i t h j u s t unpaired s p i n 
and almost no o r b i t a l momentum. The observed g - f a c t o r i s 
very close to the f r e e s p i n value of 2.0023. 
I n Chapter 3, both as grown and current blackened 
s i n g l e c r y s t a l s of 8 and 12 mole % YSZ have been i n v e s t i g a t e d 
• 
by EPR and from r e s u l t i n g spectra, i n t e r p r e t a t i o n of the 
parameters i n the proposed E f f e c t i v e Spin Hamiltonian has 
been made. The tensors i n d i c a t i n g the Spectroscopic S p l i t t i n g 
f a c t o r r e l a t e d t o the paramagnetic centres are st u d i e d and 
t h e i r angular behaviour w i t h respect t o the r o t a t i o n of the 
ap p l i e d magnetic f i e l d are examined. 
-Chapter 2 i s devoted t o the experimental techniques. 
I n the remainder of t h i s Chapter we s h a l l give the 
c l a s s i c a l basic theory of EPR and then t u r n i n g t o the ' 
quantum mechanical approach, we s h a l l mention the i n t e r a c t i o n 
energy terms w i t h t h e i r forms modified by the st r o n g c r y s t a l -
l i n e f i e l d i n the t o t a l energy Hamiltonian. I n p a r t i c u l a r 
the usefulness of an e f f e c t i v e s p i n Hamiltonian f o r d e s c r i b -
in g the energy l e v e l s and hence -its a p p l i c a t i o n concerned t o 
the EPR spectrum w i l l be emphasized, mainly concerned w i t h 
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o r b l t a l l y quenched k& ' - palladium group ions t o which 
y t t r i a s t a b i l i z e d z i r c o n i a belongs, or s-electrons i n the 
cases of F-centres, conduction electrons e t c . 
1.2 Free s p i n i n a s t a t i c magnetic f i e l d 
The t o t a l angular momentum of ele c t r o n s i n c r y s t a l l i n e 
l a t t i c e s may be considered as almost e n t i r e l y due t o the 
spins only; because of t h e i r quenched o r b i t a l angular 
12. 
momentum 'tis and the magnetic d i p o l e moment j i are two coinci d e n t 
vectors which may be w r i t t e n as 
\L= tfks 1.1 
where V i s c a l l e d the magnetogyric r a t i o and "h i s Planck's 
constant d i v i d e d by 2TJ. 
When we put the c r y s t a l i n a steady magnetic f i e l d H 
unpaired spins w i l l experience a couple which i s equal t o the 
r a t e of change of t h e i r s p i n angular momentum Pake (1962) 
couple =k A H - h$ | 1 .2 p — d t 
s u b s t i t u t i n g s from equ. (1 .1 ) t o (1.2) 
f | = ^ A H 1-3 
This i s the so c a l l e d "equation of motion" of the di p o l e 
moment and i t s s o l u t i o n , H being l a i d along, the z-axis of a 
system of c a r t e s i a n co-ordinates, represents uniform preces-
s i o n of the vector £j a t a f i x e d angle about a constant vector 
H a t a frequency c a l l e d "Larmor precession frequency" which 
i s given by 
the negative s i g n means.that the precession i s i n the 
d i r e c t i o n of a l e f t handed screw advancing along H i f i s 
p o s i t i v e or v i c e versa* 
The component of £i along H remains f i x e d i n magnitude 
so th a t the energy of the d i p o l e i n the f i e l d H i s w r i t t e n 
c l a s s i c a l l y 
E = -^.H 
I n terms of the quantum mechanical Hamiltonian the above 
equation becomes (as we s h a l l see i n s e c t i o n 1.8) 
13. 
^ =g|6Hs z, 1.5 
eh Where = i s the Bohr Magneton; g i s c a l l e d the 
"Spectroscopic s p l i t t i n g •.factor" or more commonly i n atomic 
spectra the "Lande f a c t o r , " and i t s value f o r a f r e e s p i n i s 
2 . 0023; s z, i s the component of s p i n operator _s along the 
magnetic f i e l d . The eigenvalues of t h i s Hamiltonian are 
simple, "being only m u l t i p l e s gjfjH of the eigen values of 
s , . Therefore allowed energies are 
E = g ft H m 1 • 6 
where hi i s the eigenvalue of s and takes 2s + 1 values e.g. 
f o r an e l e c t r o n s = 1/2 and m = +1/2 so only two values are 
p o s s i b l e . By s u b s t i t u t i n g m values i n equ.(1 . 6 ) we can f i n d 
t h a t the two energy l e v e l s are separated by an energy of 
&E =3|2>H 1.7 
One should hope t o be able t o detect the presence of such a 
s.et of energy l e v e l s by a net energy absorption from an 
appl i e d e x t e r n a l source, i f e x c i t a t i o n energy i s j u s t equal 
to the energy d i f f e r e n c e given by equ.(l .7) 
VW = 9 ^ 3. H 1 .8 
This i s so c a l l e d EPR resonance c o n d i t i o n , where ho i s the 
energy quantum of the r a d i a t i o n a p p l i e d t o the c r y s t a l . 
1.3 The e f f e c t of the r . f . f i e l d 
The a p p l i c a t i o n of a r o t a t i n g magnetic f i e l d ^ ( t ) 
p erpendicular t o the s t a t i c magnetic f i e l d H, of the form, 
S l i c h t e r (1963) 
H,j(t) = Jij ( i cosuit i- -j s i n u j t ) 1 .9 
may s a t i s f y the resonance c o n d i t i o n given by e q u . ( l , 8 ) where 
•Ui-. 
1 and 2 a r e "k n e u n i t vectors along the x- and y-axes r e s -
p e c t i v e l y and uu 1G the angular frequency of r o t a t i n g f i e l d 
along the z-axis. 
The equation of motion, e q u . ( l . 3 ) , can he w r i t t e n , 
i n c l u d i n g the e f f e c t s both of the H ^ t ) and of the s t a t i c 
f i e l d H 
I n t h i s equation the time dependence of H,j(t) can be e l i m i n a -
ted by using a cc-ordinate system which r o t a t e s about H w i t h 
an angular frequency "U); i n such a reference frame w i l l be 
constant, since the a x i s of r o t a t i o n coincides w i t h the H. 
H w i l l also be constant and equ.(1.10) becomes 
where R. i s f o r the reference r o t a t i n g frame. I t may be seen 
from the comparison of equ.(l .3) and equ.(l.H) t h a t i n the 
r o t a t i n g frame, the spins process i n a cone of f i x e d angle 
about an e f f e c t i v e s t a t i c f i e l d given by 
H e = (H - "|) K + R^i 1 .12 
a t an angular frequency )fH_. 
The resonance c o n d i t i o n equ. (1.8) can only be s a t i s -
f i e d when the r o t a t i n g f i e l d H ^ ( t ) has the Larmor precession 
frequency TJ^ and hence the e f f e c t i v e f i e l d i n the r o t a t i n g 
frame i s j u s t H^ .jL which produces r o t a t i o n of £i i n the yz-
plane, i f H ^ t ) i s i n the x - d i r e c t i o n f o r example. So f a r , 
the classical-mechanical analysis of magnetic resonance has 
been given. However i t i s shown by Rabi e t . a l . (19i?4) t h a t 
d e t a i l e d c o r r e l a t i o n s between the c l a s s i c a l and quantum 
mechanical approaches can be given. 
1 Trans i t ion probab:i. 1 i t i e s 
When an o s c i l l a t i n g r . f . f i e l d . H ^ t ) i s applied t o the 
c r y s t a l i n the plane normal to H, the system may be expressed 
by an energy Hamiltonian 
where K Q represents the time independent p a r t of the 
Hamiltonian given by equ.(l . 3 3 ) a n d ^ ( t ) i s the time depen-
dent term due t o the r o t a t i o n o f r . f c f i e l d . Since the 
p e r t u r b a t i o n i s an o s c i l l a t o r y one time dependent p e r t u r b a -
t i o n theory i s vised, as long as ^  ^ ] ^ ( t ) so t h a t the 
Schrodinger equation of motion becomes 
3 t _ 
The s o l u t i o n of equ.(l.1ij.) can be found i n Abragam and 
Bleaney (1970)J P. 99 (and also f o r the case of s = \ i n 
Rabi ( 1 9 3 7 ) ) . I t i s e n t i r e l y quantum mechanical and shows 
t h a t an o s c i l l a t o r y type p e r t u r b a t i o n j r ^ ( t ) induces t r a n s i -
t i o n s between the eigenstates of the system w i t h a t r a n s i -
t i o n p r o b a b i l i t y f o r a' sp i n i n i t i a l l y i n s t a t e | M> to 
f i n d i t s e l f i n s t a t e (M^l^given by 
p r o b a b i l i t y = \ { 1^ ( t ) | M) 2 g(uu) 1.15 
Where | i s the eigen s t a t e of the angular momentum operator 
and the q u a n t i t y gCvu), known as the "shape f u n c t i o n " i s 
normalized by the c o n d i t i o n 
g(uu) dTJU= 1 1.1 6 
On the other hand, the r a d i a t i o n t heory d i c t a t e s t h a t since 
the p r o b a b i l i t i e s of these two opposite processes are equal, 
16. 
the net energy t r a n s f e r w i l l he zero and no rIPR a b s o r p t i o n 
w i l l be a v a i l a b l e . 
Prom the EPR p o i n t of view, the lower l y i n g energy s t a t e 
must t h e r e f o r e be more populated than the other. The 
Maxwell-Boltzmann d i s t r i b u t i o n law shows t h a t at e q u i l i b r i u m 
the lower l y i n g s t a t e i s i n f a c t more populated by a f a c t o r 
Nj/Ny ^ exp (hV/kT) 1.17 
than the higher l y i n g s t a t e . 
The power absorption, per u n i t volume of the paramag-
n e t i c m a t e r i a l i n the t r a n s i t i o n from the l e v e l M t o l i ' i s 
obtained A l ' t s c h u l e r and Kozyrev (196I4.) 
Powero:(NM - KtfR^ f < H ' [ ^ ( t ) | M ) 2 g ( u j ) 1 .18 
Since the s t a t i c magnetic s u s c e p t i b i l i t y (Van Vleck (1932)) 
i s 
XQ =. const. ( N M - -V ) < M ' | ^ ( t ) j ] v i > 2 
e q u . ( l . l 8 ) becomes 
P o w e r o c ^ t ^ )2g(UU) 1.19 
The study of the behaviour of substances i n steady magnetic 
f i e l d s i s c h a r a c t e r i s e d by the s t a t i c s u s c e p t i b i l i t y . 
However, using also the time dependent magnetic f i e l d H ^ ( t ) 
allows us t o d e f i n e a complex s u s c e p t i b i l i t y 
X = ?C - i 7t/' 1 .20 
That, p a r t o f the magnetization which changes i n phase w i t h 
the f i e l d i s determined by the dynamic s u s c e p t i b i l i t y x', 
w h i l e the absorption of the energy, from the p e r i o d i c f i e l d 
by the paramagnetic 3ample, i s determined by A. The general 
r e l a t i o n between pi and 7C"is given by the Kramers-Kronig 
equations Kramers (1927), Kronig (1926). These d i s p e r s i o n 
formulae give a r e l a t i o n "between the magnitude of X* and 
the l i n e shape f u n c t i o n g(io). 
XM = c o n s t . ^ g(io) 1.21 
As has been mentioned before the shape f u n c t i o n i s found 
e x p e r i m e n t a l l y t o be e i t h e r a Gaussian or a-Lorenzian type 
f u n c t i o n . 
By the comparison of equ.(l.19) and e q u . ( l . 2 l ) the 
power absorbed by the sample may be w r i t t e n as 
Power = const. X* 1.22 
On the other hand i n experiments, a curve f o r the dependence 
of the d e r i v a t i v e form of absorbed powercx^~ on s t a t i c 
magnetic f i e l d H i s recorded. 
1-5 The c r y s t a l f i e l d 
When a paramagnetic i o n i s i n s e r t e d i n t o a c r y s t a l l i n e 
s t r u c t u r e i t s f r e e i o n energy l e v e l s are modified due t o the 
environmental i n t e r a c t i o n s . I d e a l l y i t i s hoped t o solve the 
Schrodinger equation f o r the ions of .the e n t i r e c r y s t a l , t h i s 
of course i s not yet p o s s i b l e . However, there are some 
th e o r i e s e.g. " c r y s t a l - f i e l d t h e o r y " which can suggest 
s o l u t i o n s on the lowest and the e x c i t e d energy l e v e l s of an 
i o n s i t u a t e d i n a c r y s t a l of a given symmetry and modified 
by the c r y s t a l l i n e surroundings. 
C r y s t a l f i e l d theory gives a model which i s q u i t e good 
f o r rare e a r t h s a l t s , but f o r 3d e l e c t r o n s and even more Lyd 
or 5d e l e c t r o n s , the model i s incomplete. 
The c r y s t a l f i e l d theory assumes t h a t the paramagnetic 
i o n resides i n a c r y s t a l l i n e e l e c t r i c p o t e n t i a l whose sources 
are p o i n t charges, l y i n g w h o l l y outside the paramagnetic i o n . 
I n t e r a c t i o n w i t h t h i s a d d i t i o n a l p o t e n t i a l i s thus added t o 
the Hamilton!an of the f r e e i o n i n order t o f i n d the modified 
new energy l e v e l s . The c r y s t a l l i n e f i e l d should have the 
symmetry of the array of l i g a n d ions and t h i s symmetry d e t e r -
mines the p r o p e r t i e s of the paramagnetic i o n i c energy s t a t e s . 
The group t h e o r e t i c a l methods have served as use f u l t e c h -
niques f o r analyzing t h i s problem since Bethe (1929) i n t r o -
duced thein. 
We s h a l l not go i n t o the d e t a i l s of surveying group 
theory, c a l c u l a t i o n of the energy s t a t e s and ground s t a t e 
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p r o p e r t i e s of paramagnetic i+d , 4d ions or s p e c i a l case of 
ions, s - e l e c t r o n s , f o r P-centrea. There are several reasons 
f o r t h i s . 
1 . I n Y t t r i a s t a b i l i z e d z i r c o n i a c r y s t a l s , the paramagnetic 
•z 2 2 
ions might be Zr->+, Zr + , Y + f o r which no s p e c i f i c 
t h e o r e t i c a l work has been done, even more so f o r 
experiments. The only theory has been given f o r some 3d 
and 4d, 5d ions i n s t r o n g c r y s t a l f i e l d s , i s g e n e r a l l y 
applied t o other ions. 
C h r o n o l o g i c a l l y the paramagnetic p r o p e r t i e s of the 
i r o n group cyanides i n terms of a stron g l i g a n d f i e l d 
v/as f i r s t given by Van Vleck (1935) . The c o n t r i b u t i o n s 
from the o r b i t a l magnetic moments, i n c l u d i n g the e f f e c t 
of s p i n - o r b i t s p l i t t i n g , -were c a l c u l a t e d by Kotani 
(19U9) f o r octahedral symmetry. The theory v/as 
extended by Kamimura (1 956), Blsaney and O'Brien (1956), 
Kotani (1960), Tanabe (1960) and Sugano (1960) and, 
e s p e c i a l l y f o r Ud, 6d ions, by Kamimura e t . a l . ( l 960). 
2. The e f f e c t i v e s p i n Hamiltonian, which i s used t o 
describe EPR experiments, can o f t e n be used t o make 
19. 
p r e d i c t i o n s from the simple symmetry and p h y s i c a l 
considerations w i t h o u t knowing the d e t a i l e d c r y s t a l 
f i e l d c a l c u l a t i o n s . 
The e f f e c t i v e s p i n Hamiltonian i s introduced i n s e c t i o n 
( 1 . 7 ) . We s h a l l w r i t e down f o r resonance experiments an 
e f f e c t i v e s p i n Hamiltonian c o n t a i n i n g only the s p i n opera-
t o r s . The i n c l u s i o n of c e r t a i n kinds of i n t e r a c t i o n terms, 
magnitudes and angular dependence of these i n t e r a c t i o n s may 
be determined by the experiment. This i s given i n s e c t i o n 
( 1 . 3 ) . 
1 .6 Basic i n t e r a c t i o n s and t o t a l Hamiltonian of f r e e i o n 
We w i l l now concern ourselves only w i t h the i n t e r a c t i o n s 
which are w e l l known from the atomic spectroscopy Racah 
(I9l+2a, 19il-2b, 19^-3) w i t h i n the f r e e i o n . The i n t e r a c t i o n 
terms w i l l be considered i n order of d i m i n i s h i n g i n t e r a c t i o n 
energies, i n the Hamiltonian and the l i g a n d i n t e r a c t i o n 
( s t r o n g c r y s t a l f i e l d ) w i l l be introduced at the appropriate 
p o i n t as a sequence of i n t e r a c t i o n s , i n t e r n a l to the para-
magnetic i o n . 
1. E l e c t r o n i c energy ( 10^ cm^, o p t i c a l r e g i o n ) 
This arises from i n t e r a c t i o n of an e l e c t r o n w i t h the coulomb 
f i e l d of the nucleus modified by the r e p u l s i v e f i e l d of the 
i -
other e l e c t r o n s . I n the n o n - r e l a t i v i s t i c approximation i t i s 
given by 
w i t h a s u i t a b l y averaged e l e c t r o n i c f i e l d w i t h c e n t r a l 
symmetry. This Hamiltonian r e s u l t s i n the e l e c t r o n i c l e v e l s 
being grouped i n t o c o n f i g u r a t i o n s . For example a ground 
c o n f i g u r a t i o n 3<1 l i e s 10 cm below the f i r s t e x c i t e d con-
es 
f i g u r a t i o n 3d"i|-s. The r e s u l t a n t mutual e l e c t r o s t a t i c 
r e p u l s i o n of the e l e c t r o n s , give r i s e t o RUB sells-Saunders 
c o u p l i n g . 
2. C r y s t a l f i e l d energy,<Kr>, ( 10^cm~\ i n f r a r e d or o p t i c a l 
r e g i o n 
U d-electrons are valence electrons f o r which the l i g a n d 
i n t e r a c t i o n i s much stronger than the s p i n - o r b i t c o upling 
(liund's r u l e i s not obeyed). I n the stron g l i g a n d f i e l d 
l i m i t s i n g l e e l e c t r o n states must be used, g i v i n g s p l i t t i n g s 
l a r g e compared w i t h those due t o the spi n o r b i t c o u p l i n g . 
The e l e c t r o s t a t i c c r y s t a l f i e l d and s p i n - o r b i t coupling 
w i t h i n the atom are included subsequently. Ud l i g a n d compl-
exes have, most predominantly, cubic symmetry and have 
U -1 
i n t e r a c t i o n energies o f ~ l O cm or more. The r e s i d u a l 
p a r t s of the l i g a n d i n t e r a c t i o n , r e presenting departures 
from exact cubic symmetry are smaller i n magnitude 
- - 2 3- —1 
(*~10 t o 1 Cr cm" ) and t h e i r e f f e c t s are o f t e n considered 
as the s p i n - o r b i t i n t e r a c t i o n s . 
3. The next important i n t e r a c t i o n s are magnetic i n o r i g i n . 
The coupling between the e l e c t r o n spins w i t h the o r b i t a l 
momentum 1^ c a n expressed as 
where A^^t b. ., c. . are-i-constanta.—T-he f i r s t term i s the 
so c a l l e d s p i n - o r b i t coupling* I n the strong c r y s t a l f i e l d 
l i m i t , our formula must be expressed i n terms of s i n g l e 
e l e c t r o n s t a t e s , f o r example: 
< K 3 a - K <!•*> 1 - 2 5 
The t h i r d term i s f o r s p i n - s p i n i n t e r a c t i o n s , which was 
f i r s t considered by Pryce (1950) and f o r which one possible 
form i s 
21 . 
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This plays a small but not a l t o g e t h e r i n s i g n i f i c a n t r o l e i n 
some magnetic problems ( i n t e r a c t i o n energy i s usually <J cin"^ ), 
kc Hyperfine i n t e r a c t i o n (0-10~ cm ) 
I f the nucleus has a s p i n I, the hyperfine i n t e r a c t i o n 
i s given by 
V2W l\ r4» r;/ J 3 1 .27 
where and ^ r e f e r t o the nuclear magneton and nuclear 
gyromagnetic r a t i o . I n the strong f i e l d considerations the 
above equation i s reduced t o 
i f , - 2/S [fVl) < ^ 3 > ( l I • &) = S T-1 , _ 2 8 
.because of the cases f o r o r b i t a l l y quenched or s--electrons-
f o r which the spi n d e n s i t y outside the nucleus has s p h e r i c a l 
symmetry which i s only found f o r 1 - o, v/here ^ r ^ ~ ^ y i s a 
measure of the s p i n d e n s i t y at the nucleus. This "contact" 
i n t e r a c t i o n i s due t o unpaired s - e l e c t r o n s p i n d e n s i t y and 
ari s e s due t o exchange i n t e r a c t i o n of u n f i l l e d s h e l l 
e l e c t r o n s w i t h f i l l e d ones. This term can also c o n t r i b u t e 
t o the hyperfine s t r u c t u r e s p l i t t i n g o-f F-centres-. 
—2 -1 
5. Quadrupole energy (0-10 cm ) 
The e l e c t r o s t a t i c i n t e r a c t i o n of the quadrupole moment 
w i t h the nuclear moment of the nucleus w i l l c o n t r i b u t e an 
a d d i t i o n a l energy given by 
2 l ( I * 0 
1(1+0 _ 3(r- 1 ) : 
r 3 V 
— * 
.29 
Up t o now we have considered the i n t e r a c t i o n energy terms 
i n the absence of the e x t e r n a l steady magnetic f i e l d . However 
i f we go on i n the fo r e g o i n g n o n - r e l a t i v i s t i c treatment and 
introduce magnetic f i e l d we would not come across any term 
f o r the s p i n magnetism, when the Hamiltonian i s d e r i v e d . 
R e l a t i v i s t i c c o r r e c t i o n s given by Dirac (1930) f o r the k i n e t i c 
energy of the e l e c t r o n s can only give the i n t e r a c t i o n terms 
of o r b i t a l and s p i n magnetic moments w i t h the magnetic f i e l d , 
6. Spin-Zeeman energy (0-1 cm ) 
I n the stro n g l i g a n d f i e l d l i m i t , the Spin-^Zeeman 
i n t e r a c t i o n energy term i s given by 
where the sum i s over" a l l e l e c t r o n s i n p a r t l y - f i l l e d s h e l l s 
and where g g i s the fr e e spin C) -value. I n the d-group, the 
stron g cubic ligand- field-"quenches" -the- o r b i t a l - momentum 
p a r t l y when i t leaves an o r b i t a l t r i p l e t . a s the ground s t a t e 
and the magnetic e f f e c t s are due almost e n t i r e l y t o the s p i n 
degeneracy remaining i n t h i s s t a t e . These statements are 
1 2 
v a l i d f o r i+d and 1+d and even more so f o r s-electrons i n 
P-centres. I n the s p i n I-Iamiltonian the term 
i s used which considers the l o c a l symmetry as w e l l as the 
magnetic field» The s h i f t from g g i s a t t r i b u t e d t o the 
o r b i t a l c o n t r i b u t i o n t o the s p i n . 
—3 —1 
7• Nuclear-Zeeman energy (0-10 cm ) 
D i r e c t i n t e r a c t i o n of the nucleus w i t h the e x t e r n a l 
magnetic f i e l d H i s given by 
The general Harniltonian d e s c r i b i n g the paramagnetic i o n 
can "be w r i t t e n c o nsidering a l l the above po s s i b l e i n t e r -
actions together 
• K- K + K + i . 3 3 
The c a l c u l a t i o n of energy eigen values and then eigen 
f u n c t i o n s of the t o t a l Harniltonian X i s found f o l l o w i n g 
p e r t u r b a t i o n theory which gives an approximate value but i s 
s t i l l very complicated. The computation of the r e s u l t i n g 
eigen f u n c t i o n s becomes complicated because of the mixture 
of ground and e x c i t e d s t a t e s a f t e r the t h i r d and f o u r t h 
p e r t u r b a t i o n s . 
1 .6 E f f e c t i v e Spin Ha.miltonian 
Abragam and Pryce (1951 ) however developed a p e r t u r b a -
t i o n method t o c a l c u l a t e the energy s p l i t t i n g s of the ground 
level-- of a paramagnetic i o n i — 
I n t h e i r o p i n i o n , the ground l e v e l of the f r e e i o n i s 
so f a r separated from the higher energy l e v e l s t h a t 5FR may 
be expected between 2s' + 1 energy l e v e l s of the ground l e v e l 
which could only be responsible f o r EPR. The q u a n t i t y s 1 
i s c a l l e d , the " e f f e c t i v e s p i n " v/hich describes the system 
i n i t s ground s t a t e ; i t may or may not be equal t o the f r e e 
i o n s p i n quantum number\ s-.— 
The general Hamiltonian, constructed i n the previous 
s e c t i o n , may be shortened to the form of 
J { - 5-0-5 + /3H-5-S + S . T . I + Jf + X 1.31 
The f i r s t term represents s p l i t t i n g s due t o c r y s t a l f i e l d s 
and was introduced by Van Vleck (19U-0). The operators 
r e f e r r i n g t o S and I are t r e a t e d as non-commuting 
alg e b r a i c q u a n t i t i e s . Ah expression i n v o l v i n g the components 
2k. 
of operators i s c a l l e d the "Spin Hamiltonian" and the energy 
l e v e l s can then be derived as the eigen values of t h i s 
operator. 
The Spin Hamiltonian has. "been obtained on e n t i r e l y 
t h e o r e t i c a l grounds and i s used t o give an shorthand formula-
t i o n of the experimental r e s u l t s . I f the t e n s o r a l parameters, 
t h a t i s , the g - f a c t o r , the i n i t i a l s p l i t t i n g D, and hy p e r f i n e 
s t r u c t u r e constant ii? e t c . are measured ex p e r i m e n t a l l y , they 
can then be used to f i n d a model of a c r y s t a l f i e l d and also 
to c a l c u l a t e the energy l e v e l s of the i o n . 
The Hamiltonian equ.(l .31 ) i s reduced t o the simple 
form of 
J N / s - t i - a - s 1.32 
because of our observed EPR spectra and the f o l l o w i n g reasons 
' 1.. The term S D S = 0 f o r U-d1", S = £ "(for Y 2 + , Z r 3 + ^ 
2. The l a s t three terms are also zero because there 
was no hyperfine i n t e r a c t i o n , quadrupole (Q = 0 
f o r both y t t r i u m and zirconium n u c l e i ) i n t e r a c t i o n 
and nuclear Zeeman i n t e r a c t i o n . " 
The Hamiltonian equ.(l.32) i s also v a l i d f o r F-centres 
Markram (1966) and f o r conduction e l e c t r o n s p i n resonance 
see Yafet (1963) . 
As we have seen i n the previous sections the unknown 
t e n s o r a l parameter g i n equ.(l , 3 2 ) depends on the magnitude 
and symmetry p r o p e r t i e s of the c r y s t a l l i n e e l e c t r i c f i e l d . 
I t t h e r e f o r e f o l l o w s t h a t a more general form, which takes 
i n t o account "anisotropy" of t h i s k i n d i s expressed by equ. 
(1 .32) which i s shorthand n o t a t i o n f o r 
25. 
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The q u a n t i t i e s g = g y x , e t c . The o f f - d i a g o n a l elements 
of the g-tensor can then "be e l i m i n a t e d "by a co-ordinate 
t r a n s f o r m a t i o n of the (xyz)-axes t o ( x ' y 1 z 1 )-axes system, 
(known as the p r i n c i p a l axes), y i e l d i n g a simpler form f o r 
equ.(l .33), 
J-f = R (& < i H / s , = g / , H / s , + g , , H # s ,) 1 . 3l|. o\ P V c x x x x °yy y y °zz z z- J 
I f . the magnetic f i e l d H i s applied i n a d i r e c t i o n w i t h 
cosines ( I , m, n) w i t h respect t o these p r i n c i p a l axes, the 
energy l e v e l s are given "by equ.(l .6) w i t h a g-value of 
2 2 2 2 2 2 2 g = 1 g x - + m g y y ,- n gz,z, 1.35 
The resonance c o n d i t i o n i s again given by e q u . ( l , 8 ) ; 
1.8 A p p l i c a t i o n of the e f f e c t i v e Spin Hamiltonian 
The l o c a l symmetry may be cubic i n which case g-faetor 
i s i s o t r o p i c g T , _, = g , r ! , r i = g„ t ^ t - I * may be a x i a l i n which x x y y £• 6 
case the spectrum a x i a l l y symmetric i n the plane perpendicu-
l a r t o the- f i e l d d i r e c t i o n , i . e . S x t x t = 2 yiyi = &x> a n d 
^z'z 1 = • ^ N E R E S | | A N D S L A R E components of g 
when H l i e s along and perpendicular t o the c r y s t a l f i e l d 
d i r e c t i o n . 
Bleaney (1951) has given formulae f o r the angular 
dependence of the Hamiltonian f o r the case of a x i a l f i e l d s . 
The Haniiltonian given by equ.(l .3-0 takes the form of 
The energy l e v e l s are simply given by --^ g II", where 
2 2 --g = (g,, cos 9 + g^sin 0 ) 2 1 .37 
and Q i s the angle between H and the a x i a l cr,y?jtal f i e l d 
d i r e c t i o n . 
Consequently, i n a c r y s t a l whose symmetry axis i s known 
or seen "by eye (e.g. c-axis of Ruby), the spectroscopic 
s p l i t t i n g f a c t o r - g given "by equ.(l .37) may be determined 
from the observed spectra along and normal to the symmetry 
a x i s . I f , however, the symmetry axis i s not known i t i s 
necessary t o observe the EPR spectra i n some d i f f e r e n t planes, 
say (100)-planes, so t h a t , the anisotropy i n g can be examined 
w i t h respect t o the r o t a t i o n angle of the a p p l i e d magnetic 
f i e l d and as a r e s u l t , t h e i r p r i n c i p a l values may be found. 
Guesic and Brown (1953) give a s t r a i g h t f o r w a r d method 
f o r o b t a i n i n g the p r i n c i p a l components and p r i n c i p a l axes 
of the g-tensor f o r S = I = 0; t h i s can p e r f e c t l y be 
a p p l i e d t o analysis of our spectra, as w i l l be o u t l i n e d 
below i n s h o r t . 
I t can be shown t h a t experimental g(exp)-values i n three 
d i f f e r e n t , planes about (xyz)-axes f o r a given (xyz) orthogo-
n a l c r y s t a l l i n e co-ordinate system, f o r the magnetic f i e l d 
d i r e c t i o n s making angles d) , d> , d) w i t h the y, z, x axes 
• 1 x * y i z 
r e s p e c t i v e l y are r e l a t e d to the nine components of the ( g ) -
tensor, which i s going to be diagonalized, as given below. 
g ( e x p ) 2 = U 2 ) y y C o s \ + ( S 2 ) z z 3 i n 2 k + 2 ( g 2 ^ C o s ^ S i n ^ 
g ( e x p ) 2 =-(f£2)zzCo,2(|)y + ( g 2 ) x X S i n 2 < [ V + 2(^) a x0oa(|) ySin(|. y 
g ( e x p ) 2 = ( / ) x x C o s 2 ( | ) a -i- ( s f ^ y S i n 2 ^ + 2(g 2 ) x y C o s ^ 3 i n ^ 
1 .38 
The corresponding matrix, ( g ) can then he diagonalized 
2 
i n order to o b t a i n the p r i n c i p a l components of ( g ). The 
square roots of these components give the p r i n c i p a l compo-
nents of the g-tensor. The d i r e c t i o n cosines of ths p r i n c i -
p a l components can also be given w i t h respect t o the 






2.1 I n t r o d u c t i o n 
The s i n g l e c r y s t a l s of 0 and 12 mole % YSZ used i n our 
EPR and o p t i c a l experiments were grown by W. & C, Spicer L t d . , 
using e l e c t r o f u s i o n methods. The s t a r t i n g m a t e r i a l was the 
mixture of the pure powdered oxides. 
I n the f o l l o w i n g subsections the p r e p a r a t i o n of the 
samples and the EPR techniques used are s t u d i e d . 
2.2 C r y s t a l p r e p a r a t i o n 
2.2.1 C r y s t a l o r i e n t a t i o n and c u t t i n g process 
As w i l l be seen i n Chapter. 3, i n order t o determine the 
p r i n c i p a l magnetic d i r e c t i o n s f o r an observed EPR spectrum 
and r e l a t e them t o the c r y s t a l l o g r a p h i c axes one needs sample 
to be-oriented and cut a p p r o p r i a t e l y . 
The as grown 8 and 12 mole % YSZ c r y s t a l s v a r i e d i n 
appearance from transparent y e l l o w i s h brown t o black and 
almost opaque. They were attached w i t h d u r o f i x t o the 
goniometer. O r i e n t a t i o n determinations were c a r r i e d out 
using X-Ray b a c k - r e f l e c t i o n methods. Exposures were about 
30 minutes, using copper r a d i a t i o n w i t h o u t a f i l t e r and 
I l f o r d " I n d u s t r i a l G" XrRay f i l m . The normal procedures 
were f o l l o w e d i n order t o develop the f i l m s . The p o s i t i o n s 
1 0 
of the r e q u i r e d d i r e c t i o n were obtained t o w i t h i n £ . The 
photographs taken i n the (100), (111 ) , (110) were s i m i l a r 
f o r both kinds of YSZ. From these s e r i e s of photographs 
the f o l l o w i n g conclusions were d e r i v e d . 
1 . Both the two s i n g l e c r y s t a l s have got ne a r l y 
p e r f e c t s t r u c t u r e . 
2. Evidence f o r a cubic s t r u c t u r e , a d d i t i o n a l to 
the powder photo r e s u l t s was obtained. 
The samples were cut w i t h a diamond, wheel c u t t i n g machine, 
w i t h o u t causing fragmentation, as cubes having (-100) surfaces. 
Long rod samples (1 x 1 x 10 mm ) were also prepared f o r 
several c u r r e n t blackening, vacuum r e d u c t i o n or heat treatment 
processes. 
2.2.2 P u r i t y of the samples 
The presence of c e r t a i n i m p u r i t i e s i n the m a t e r i a l , 
which could exert a profound i n f l u e n c e on p a r t i c u l a r proper-
t i e s , might r e s u l t i n an i n c o r r e c t i n t e r p r e t a t i o n being made. 
For t h i s reason several analysis r e s u l t s of both as grown 
YSZ c r y s t a l s are l i s t e d below. 
1. Q u a l i t a t i v e spectroscopic analysis was performed by 
R. A. Mostyn and Dr. Conduit, Chemical I n s p e c t o r a t e , 
Headquarters B u i l d i n g , Royal Arsenal, Woolwich, London, 
S.E.18;- The r e s u l t s are-shown i n Table ( 2 . 1 ) . 
• TABLE (2.1 ) 
major zirconium 
minor y t t r i u m 
heavy t r a c e s i l i c o n , hafnium 0.01$ 
trace magnesium, t i n 
2. The q u a n t i t a t i v e X-Ray Fluorescence a n a l y s i s f o r c e r t a i n 
trace elements, made .by~~Dr.~ Holland, Durham U n i v e r s i t y , 
Department of Geology, i s given i n Table ( 2 . 2 ) . 
31. 
TABLE (2.2) 
Elements sought 0 ra/o YSZ (vvm) 
12 m/o YSZ 
(PPm) 
lead 0 0 
n i c k e l 760 990 
copper not detected not detected 
zinc 25 27 
s t r o n t i u m not detected not detected 
manganese 1 50 1 50 
rubidium not detected not detected 
chromium oxide 1+5 38U 
On the other hand, twenty-six z i r c o n i a s from d i f f e r e n t 
places of the w o r l d i n c l u d i n g the Spicer L t d . products, 
from where we purchased our experimental c r y s t a l s , had 
been examined w i t h emission mass spectroscopic and 
chemical analysis H e f f e l f i n g e r e t . a l . (I96ij.). T n e 
elements detected at more than 1 0 ppm are shown i n 
Table ( 2 . 3 ) . 
TABLE (2.3) 
Elements: A l Ba Ca Hf k Mg S S i T i 
(ppm) : 30 30 100 2200 50 20 30 20 300 
Elements: N Ne CI • Se Ta 
(ppm) : 60 30 15 kO 300 
Comparison of the analysis r e s u l t s given above leads 
to the f o l l o w i n g conclusions-. 
Because Table (2.3) excludes the a n a l y s i s f o r 
y t t r i a , we cannot compare i t s r e s u l t s d i r e c t l y w i t h 
Tables (2.1) and ( 2 . 2 ) . However they are i n . s u b s t a n t i a l 
agreement. On the other hand, comparison of Tables (2.1) 
and (2,2) i s not also p o s s i b l e : because the elements 
sought are not the same. So we should consider a l l 
three analysis r e s u l t s . 
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2-2.3 The current passage -process 
The c u r r e n t passage treatment was c a r r i e d out i n a 
v e r t i c a l tube furnace. The s i l i c a glass tube which contained 
the f i x e d sample assembly was i n s e r t e d and clamped i n the 
h o t t e s t zone. 
2 
The samples, of (1 mm) cross-section and approximately 
10 mm long, were attached t o the platinum w i r e electrodes w i t h 
platinum paste. Wet argon gas was d i r e c t l y applied to the 
s i l i c a tube and at the e x i t end the gas was bubbled through 
s i l i c o n e l i q u i d , t o prevent a i r backstreaming i n t o the 
apparatus. 
The temperature wa3 measured w i t h a Pt-12% Rh thermo 
o 
couple. The d.c. c u r r e n t s between 1.0 mA (1 A/cm ) and 250 
2 
mA (25 A/cm ) were passed at a f i x e d temperature of 800°C, 
.which was contro.lle.d_.to w i t h i n -~5°C, f o r times ranging from -
3 minutes t o 1 hour. 
When the c u r r e n t passage process was f i n i s h e d the c u r r e n t 
leads and thermocouple wires, the pipe of the argon gas and 
clamps e t c . were disconnected and the s i l i c a tube was 
immediately withdrawn out of the furnace. Both ends of 
the tube were then closed so t h a t the sample was l e f t t o 
cool down, dropping t o a tempe-ra-tu-re of i+00°C i n two minutes. 
A f t e r c u r r e n t passage the c r y s t a l s became very f r i a b l e . 
A s i l v e r y conducting l a y e r was observed which had been 
repor t e d t o be due t o c r e a t i o n of zirconium o x y n i t r i d e 
Casselton (1968a) and as has been suggested by Loup e t . a l , 
(1965) i t was not an e s s e n t i a l product of blackening. The 
s i l v e r y conducting l a y e r was removed by b o i l i n g i n phosphoric 
a c i d f o r a few minutes a t around 70°G. This process was 
repeated several times t o improve the Q-quality f a c t o r of 
33. 
ths c a v i t y when loaded w i t h a "blackened sample. 
The c r y s t a l s heat t r e a t e d i n oxygen turned white and 
t r a n s l u c e n t and also showed cracking.. D e t a i l e d heat t r e a t -
ment r e s u l t s under several temperature c o n d i t i o n s and oxygen 
flow r a t e s are given i n Appendix 2. 
2.3 E l e c t r o n paramagnetic resonance techniques 
I n the previous chapter we mentioned an energy abso r p t i o n 
between the energy l e v e l s of a paramagnetic sample e x c i t e d 
by microwave r a d i a t i o n i n a steady magnetic f i e l d . I n order 
t o perform t h i s i n p r a c t i c e , the basic components which we 
may need are: f i r s t a microwave energy source ( k l y s t r o n ) of 
the c o r r e c t frequency range, secondly a c a v i t y which concen-
t r a t e s t h i s energy onto the sample and t h i r d l y a d e t e c t i o n 
system which w i l l detect the amount of absorption and then 
d i s p l a y t h i s as the spectra_of_the paramagnetic c e n t r e . 
The resonance c o n d i t i o n given by e q u . ( l . 8 ) i s s a t i s f i e d 
i n p r a c t i c e as a d i s p l a y of energy absorption spectrum by 
keeping the microwave frequency constant and changing the 
magnetic f i e l d s l o w l y . I n other words, the EPR spectrum can 
be obtained g r a p h i c a l l y by p l o t t i n g the changes i n absorbed 
microwave energy which appears as the output of the d e t e c t -
ing system versus d.c. magnetic f i e l d s B, (say.in._Tesla). 
The block diagram of the Q-Band spectrometer used dur i n g 
the course of t h i s work i s shov/n i n Figure (2.1 )* 
The power reaches the c y l i n d r i c a l , c a v i t y , which has been 
designed f o r the TE^^ 'node, from a k l y s t r o n . This c a v i t y , 
which contained the sample under i n v e s t i g a t i o n , could be 
tuned i n each of two ways: coarse, which i s produced by 
changing the l e n g t h of the c a v i t y and f i n e , which i s produced 
w i t h a quartz rod c o n t r o l l e d from the top of the waveguide 
y.\. 
assembly by means of a micrometer so t h a t there i s a minimum 
r e f l e c t i o n of the microwave energy in. the absence of a d.c. 
a p p l i e d magnetic f i e l d . The v e r t i c a l movements of the 
tapered t e f l o n (which was c o n t r o l l e d by means of a micrometer 
s i m i l a r t o t h a t used f o r the quartz rod and p o s i t i o n e d j u s t 
above the cavity-waveguide coupling h o l e ) , were also 
e f f e c t i v e i n reducing these r e f l e c t i o n s . 
When the magnetic f i e l d i s a p p l i e d and v a r i e d s l o w l y 
through the p o i n t at which EPR occurs there i s a small change 
i n the r e f l e c t i o n from the c a v i t y , i . e . a net absorption of 
energy by the sample. To detect t h i s change, an a.c. modula-
t i o n f i e l d at 160 kHz, which i s necessary f o r the d i s p l a y of 
a permanent spectrum on a GRO or t o record on a c h a r t , i s 
superimposed w i t h the applied magnetic f i e l d . As the magnetic 
f i e l d passes through_ the resonance^ p o i n t s , the d e t e c t i n g 
system receives a s i g n a l , at 160 kHz, which i s a m p l i f i e d and 
compared i n phase w i t h the o r i g i n a l waveform using a phase 
s h i f t e r , and phase s e n s i t i v e d e t e c t o r . The r e s u l t i n g f i r s t 
d e r i v a t i v e form of power a b s o r p t i o n c o ^ o f the paramagnetic 
sample versus magnetic f i e l d , B, i s recorded on the X-Y 
chart recorder as an EPR spectrum. 
2.3.1 Determination of the c r y s t a l o r i e n t a t i o n , i n , the.,cavity 
I n order t o know the o r i e n t a t i o n of the c r y s t a l i n the 
c a v i t y under EPR c o n d i t i o n s and to r e l a t e t h i s t o the e x t e r -
n a l magnetic f i e l d d i r e c t i o n , a two stage process was 
app l i e d . 
I n the f i r s t stage involved r e l a t i n g the c r y s t a l o r i e n t a -
t i o n , e.g. 1 *° ^ R s m- aH» angles engraved on a brass 
c a v i t y scale which was f i r m l y attached t o the plunger of 
the c a v i t y , f u n c t i o n i n g as an alignment a i d . A t r a v e l l i n g 
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microscope w i t h a large depth of focus was used f o r t h i s . 
One of i t s . cross wires was f i r s t set p a r a l l e l t o the 
d i r e c t i o n of t r a v e l using a sheet of graph paper. Employing 
the cross wire and choosing a p a r t i c u l a r face of the c r y s t a l , 
two readings d i f f e r i n g by 180° read from the s c a l e . 
The plunger assembly was then i n s e r t e d i n t o the microwave 
c a v i t y b a r r e l and tuned f o r the EPR c o n d i t i o n . 
The. second stage involved r e l a t i n g the c a v i t y scale of 
the plunger to the t u r n t a b l e of the magnet. This was done by 
using a piece of f i n e twine s t r e t c h e d underneath the plunger, 
i t s ends being terminated at f i x e d p o i n t s . Two more scale 
readings d i f f e r i n g by 180° were obtained from the datum l i n e . 
I n a previous experiment, the datum l i n e ( s t r e t c h e d t w i n e ) 
had been r e l a t e d t o the magnet scale reading as MQ being 
p a r a l l e l to._the_p.Q.ie pieces. 
I n Appendix 3, a d e r i v a t i o n of the conversion formula i s 
given'between the two scales, being used i n the de t e r m i n a t i o n 
of the c r y s t a l o r i e n t a t i o n s versus e x t e r n a l magnetic f i e l d 
d i r e c t i o n s f o r EPR po l a r p l o t s . 
U n c e r t a i n t y oh the alignment of the magnetic f i e l d 
along a given c r y s t a l d i r e c t i o n was about l e s s than 2°. 
2.3 J2. Measurement of magnetic . f i e l d value 
The measurement of magnetic f i e l d value at resonance could 
e a s i l y be made by using the g-marker, the DiPhenyl P i c r y l 
Hydrazyl (DPPH) as a reference i n co n j u n c t i o n w i t h "the " 
c a l i b r a t e d sweep.; acc o r d i n g l y DPPH was always mounted w i t h i n 
the c a v i t y beside the sample under i n v e s t i g a t i o n . For an 
accurate g-value A l ' t s c h u l e r and Kozynev ( i96U) , Chapter 7, 
may be consulted. 
The X-Y recorder graph papers were c a l i b r a t e d f o r several 
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sweep amplitudes and sweep times i n the magnetic f i e l d • 
range t h a t the EPR Spectra of YSZ occurred. A l l the EPR 
— 1 —i 
recordings were made at a 11.3 mT i n (113 gauss i n ) 
sweep r a t e w i t h 100 % sweep amplitude and a 2 minutes sweep 
time. This conversion f a c t o r helped f o r the measurements 
of the magnetic f i e l d value of l i n e since reading the 
distance between the standard DPPH and the p o s i t i o n where 
the EPR spectra were recorded was easy. The measurement of 
the microwave frequency, w i t h a wavemeter by the help of 
c a l i b r a t i o n c h a r t , coupled w i t h t h i s absolute magnetic 
f i e l d value allowed the g - f a c t o r to be c a l c u l a t e d , 
2.3.3 S e n s i t i v i t y of the spectrometer 
i n order t o estimate the s e n s i t i v i t y of the Q-band 
spectrometer, a ruby c r y s t a l (0.05$ GrgO^ i n AlgO^) was used 
as a . c a l i b r a t o r . The s e n s i t i v i t y _was c a l c u l a t e d f o l l o w i n g 
the formula given by Assenheim (1966), p.76. 
A. 1 
s e n s i t i v i t v = ( n o'°f s p i n s ) x (^.ower)2 x (time const ant J j 
J ( l i n e w i d t h ) x ( s i g n a l t o noise r a t i o ) 
The s e n s i t i v i t y was c a l c u l a t e d from the f o l l o w i n g experimental 
c o n d i t i o n s : 
no. of Gr spins 
power 
time constant 
l i n e w i d t h 
1.58 x 1 0' 
1 0.6 mW • _ 
3 sec 
—1 
1407 Am ( a t sweep amplitude 
lOfb) 
s i g n a l to noise • 7 
r a t i o : 3 x 10 J 
1 2 
So the s e n s i t i v i t y becomes o f the order of 2 x 10 
spins per mT f o r a power of 1 mW w i t h a time constant of 1 
sec. 
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2 . 3 . 4 The low temperature experiments 
I n order to perforin the EPR spectrum down t o l i q u i d 
n i t r o g e n temperature (77 °K) the dewar assembly i s f i x e d t o 
the permanently mounted rack above the magnet. 
A f t e r s t i c k i n g the thermocouple wire t o the same l e v e l 
as the sample, the c a v i t y assembly was i n s e r t e d i n t o a 
s t a i n l e s s s t e e l can whose top end was then covered w i t h 
selotype i n order t o ensure t h a t when the n i t r o g e n was 
poured i n t o the inner helium space of the c r y s t o s t a t , none 
entered the c a v i t y . 
The i n t e r space of the dewar was evacuated w i t h a 
d i f f u s i o n pump and the pressure was monitored w i t h 
vacustat gauge. The temperature was monitored w i t h a 
con'stanten-copper-constanten thermocouple using a 
potentiometer. 
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CHAPTER 3 
EPR EXPERIMUHT AL RESULTS AND DISCUSSIONS 
3.1 I n t r o d u c t i o n 
Most of the EPR experiments have "been made at room 
temperature w i t h some at l i q u i d n i t r o g e n temperatures ( 77°R) 
The frequency was 35.5 OrK„ and the spectrometer employed 1 60 
KHz modulation, using a phase s e n s i t i v e d e t e c t i o n system as 
o u t l i n e d i n Chapter 2 . The sweep amplitude and time constant 
were 100$ and 2 minutes r e s p e c t i v e l y . 
The angular v a r i a t i o n s , i n t e n s i t i e s and l i n e shapes of 
the observed resonance p a t t e r n s were c h a r a c t e r i s e d "by three 
types of l i n e . 
For as grown c r y s t a l s two types o f EPR spectra were 
recorded: "type--A" and "type-B". Current blackened specimens 
showed an-ext-ra--isotropic 1-i-ne--called "type-C." 
The type-A l i n e s were a n i s o t r o p i c and symmetrical. Four 
l i n e s were seen i n some d i r e c t i o n s . The l i n e s were less 
intense than and on the higher magnetic f i e l d side of the 
type type-B l i n e . The anisotropy shows t h a t these centres 
are located i n a d i s t o r t e d tetrahedron having a c r y s t a l l i n e 
f i e l d along a "body diagonal d i r e c t i o n of the u n i t c e l l . 
A lso, comparison of t h e . e f f e c t s of annealing and d.c. 
blackening, vacuum r e d u c t i o n and oxygen heat treatment 
s t r o n g l y suggested t h a t type-A l i n e s are due t o f r e e e l e c -
trons trapped i n oxygen i o n vacancies ( P - c e n t r e s ) . The 
centres disappeared a f t e r the c r y s t a l s had been stored 
s e ver a1 mont hs. 
Type-B l i n e : t h i s v/as s l i g h t l y a n i s o t r o p i c and 
asymmetrical. I t was uneffected by heat treatments i n 
argon, a i r or oxygen atmospheres. The p e r i o d i c i t y of the 
in. 
anisotropy i n d i c a t e s the existence of d i s t o r t e d oxygen 
ligahds w i t h seven-fold and s i x - f o l d c o - o r d i r j a t i o n s . For 
assignment several p o s s i b i l i t i e s are discussed. E i t h e r 
2 + 3 A Y or Zr or both seem more l i k e l y . 
Type-C l i n e : t h i s was i s o t r o p i c and almost overlapped 
the type-B l i n e . An i n t e n s i t y increment was observed w i t h 
i n c r e a s i n g a p p l i e d d.c. current d e n s i t y . 
No e x t r a spectra or change of the ones recorded at 
290 °K were observed at 77 °K. 
3i2 C r y s t a l s t r u c t u r e - EPR 
The c r y s t a l s t r u c t u r e of YS2 i s based on a f ,e.c. u n i t 
c e l l ' a n d described by the space group Pm3m. However, there 
are two subunits which may be the basic u n i t s i n the EPR 
study, see Figure (3.1 ) . 
2 
1 . Tetrahedral -("8pa"ce _ group ) ' ' " ~ 
Ligand ( m e t a l ) ions at a l t e r n a t e corners are 
missing so t h a t Uganda form a r e g u l a r 
t e t r a h e d r o n . 
2. Cubic (space group 0 ^ ) 
Eight oxygen ions being at the corners form a 
r e g u l a r cube, 
However, i n p r a c t i c e , i t i s found t h a t the cubic"oxygen 
symmetry i s d i s t o r t e d due to the charge compensation. • 
Barker's (1967) s t a t i s t i c a l a n alysis on y t t r i a s t a b i l i z e d 
z i r c o n i a showed t h a t seven-fold and s i x - f o l d oxygen co-
o r d i n a t i o n s (one or two corners truncated from cubes) are 
the most l i k e l y symmetries. I n the l a t t e r case two adjacent 
oxygens are missing which gives r i s e to octahedral symmetry. 
Pig.(3.1) Two possi b l e co-ordinations of anions and 
cations i n f l u o r i t e s t r u c t u r e . 
Z r ( 3 ) 
Zr(2 
;1/2 a 
Z r ( 1 ) Z r ( 4 ) 
T E T R A H E D R A L 
1/2 ci 
CUBIC 
F i g . ( 3 . 1 ) T w o p o s s i b l e c o o r d i n a t i o n s Of a n i o n s 
a n d c a t i o n s i n f l u o r i t e s t r u c t u r e . 
CATION(Zr,Y) o A N I O N ( O ) 
i+3. 
The expected EPR spectra i n r e l a t i o n to the l i g a n d 
symmetries may "be l i s t e d as "below: 
1 . Ah i s o t r o p i c E?R spectrum could be observed v/ith cubic 
symmetry where charge compensation must be remote, or 
i f s i x l i g a n d ions form a r e g u l a r octahedron i n which 
case the symmetry i s again s i m i l a r t o cubic and 
spectrum should be i s o t r o p i c . 
For example, f o r the type-C centre one of the above 
l i g a n d symmetries may be an explanation. 
2. An a n i s o t r o p i c EFR could be observed i f the t e t r a h e d r o n 
symmetry is d i s t o r t e d i n any way, the a x i a l f i e l d being 
body, diagonal |^11lJ. Some p o s s i b i l i t i e s are discussed 
i n s e c t i o n (3.3.1) f o r the e x p l a n a t i o n of the aniso-
t r o p i c behaviour of type-A centres. 
3. For the s l i g h t l y a n i s o t r o p i c behaviour of type-B l i n e , 
the" s u p e r p o s i t i o n of tv/o spectra having iigands v/ith 
one and two corners truncated from simple cubes seems 
the most probable e x p l a n a t i o n . 
3.3 EPR spectra of as grown c r y s t a l s 
3.3.1 EPR spectra of type-A. l i n e s and discussions 
D i f f e r e n t r o t a t i o n experiments have been performed t o 
analyse the a n i s o t r o p y i n the tensor elements of the spec-
t r o s c o p i c s p l i t t i n g f a c t o r g of the type-A l i n e s . 
The c r y s t a l was f i r s t mounted i n the (100)-plane and 
the magnetic f i e l d was r o t a t e d about the sample c a v i t y i n 
10° steps from 0° t o 150°. The spectra observed i n t h i s 
plane consisted of two l i n e s i n almost a l l d i r e c t i o n s . 
Only one l i n e was observed when the magnetic f i e l d was 
along fo-l ol . 
The recorded EPR spectra f o r two overlapped and resolved 
cases are shown i n Figure (3.2) and i n Figure ( 3 , 3 ) . The 
[01 ] 
widths are 12 J.|., 17, and 10.2 ml1 r e s p e c t i v e l y . One p o i n t 
worth mentioning here i s t h a t the w i d t h increment i s 
observed when the peak p o s i t i o n goes t o higher magnetic 
f i e l d values. This i s maybe due t o inhomogeneity of the 
magnet sweep u n i t , so the comparison of the l i n e widths i s 
not meaningful. I n order t o reach a conclusion, however, 
comparison of the i n t e n s i t i e s , measuring the areas under 
the d e r i v a t i v e form of the peaks w i t h a planometer, showed 
t h a t the areas of the overlapped and non-overlapped l i n e s 
has the r a t i o of n e a r l y 2 : 1 . 
The p o s i t i o n s of the l i n e s , Which were measured w i t h 
respect to the g-marker (DPPH) mentioned e a r l i e r , were 
p l o t t e d w i t h respect t o the r o t a t i o n angle of the magnetic 
f i e l d ( a l s o the c r y s t a l o r i e n t a t i o n ) i n (lOO)-plane, as 
shownjin_Pjy5_ure (3.24.). _ 
Secondly the c r y s t a l was mounted i n the (OlO)-plane and 
again two l i n e s were observed f o r a l l d i r e c t i o n s . The l i n e 
overlapped at the magnetic f i e l d d i r e c t i o n < 1 00y and they 
had maximum separa t i o n from each other, at the magnetic 
F i g . ( 3 . 2 ) The overlapped p o s i t i o n of the type-A l i n e s 
i n d e r i v a t i v e form f o r the magnetic f i e l d p a r a l l e l t o the 
[lO& j-axis i n the (1 00)-plane. As grown 8 mole % Y3Z 
(lA10a), 35.5 GHZ, 290 °K. 
Pig. ( 3 . 3 ) The separated p o s i t i o n s of the peaks 
mentioned i n F i g . ( 3.2). Magnetic f i e l d 10 degrees from 
the [110] d i r e c t i o n . ^ 
P i g . ( 3 . k ) Angular dependence of p o s i t i o n s of the 
type-A l i n e s w i t h the magnetic f i e l d l y i n g i n the ( 1 0 0 ) -
plane. As grown 8 mole % YSZ ( l A l O a ) , 35-5 GH2, 290 °K, 
n + 
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f i e l d d i r e c t i o n ( 1 00"^ . The spectra obtained i n t h i s plane 
( 0 1 0 ) and the anisotropy of the l i n e s are shown i n Figure 
( 3 . 5 ) . 
From these tv/o r o t a t i o n experiments i t was t e n t a t i v e l y 
concluded t h a t the ^ 1 1 1 ) d i r e c t i o n could be the a x i a l 
symmetry a x i s . The EPR spectra would coincide and have the 
highest g-value f o r the'magnetic f i e l d o r i e n t a t i o n along the 
^ 1 1 1 ^ d i r e c t i o n . Figure ( 3 . 6 ) shows tha t t h i s i s the case 
w i t h i n the experimental u n c e r t a i n t i e s which are due t o the 
o b s t r u c t i n g p o s i t i o n of the type-B l i n e . A l i n e ( ) was 
i n s e r t e d f o r comparison i n order t o show the p o s i t i o n of 
f r e e s p i n having g = 2 . 0 0 2 3 which i s almost equal t o g j j 
as w i l l be shown below. 
The angular v a r i a t i o n of the experimental g-values of 
type-A l i n e s f o r both two ( 1 0 0 ) and the ( 0 1 0 ) planes are 
given i n Figure ( 3 . 7 ) . The data and the d e t a i l s of the 
c a l c u l a t i o n s can be seen i n Appendix U. The f u l l and open 
c i r c l e s show the experimental g-values. The overlapping o f 
the two experimental g-values has been performed w i t h the 
choice of two g-values belonging to d i f f e r e n t planes but 
P i g . ( 3 . 5 ) Angular dependence of p o s i t i o n s of the t y p e -
A l i n e s w i t h the magnetic f i e l d l y i n g i n the ( 0 1 0 ) - p l a n e . 
As grown 8 mole % YSZ ( l A 1 0 a ) , 3 5 . 5 GHZ, 2 9 0 °K. 
F i g . ( 3 . 6 ) Angular dependence of p o s i t i o n s of the t y p e -
A l i n e s w i t h the magnetic f i e l d d i r e c t i o n l y i n g i n the ( 1 1 1 ) -
plane. As grown 8 mole % YSZ ( l A 1 0 a ) , 3 5 . 5 GHZ, 2 9 0 °K. 
F i g . ( 3 . 7 ) V a r i a t i o n of g-value f o r tv/o A-type l i n e s 
w i t h p o l a r a r i ^ l e , (open c i r c l e s , measured i n (01 0 )-plane : 
f u l l c i r c l e s , measured i n (lOO)-plane. 
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at the same c r y s t a l o r i e n t a t i o n , (e„g. ( 1 0 0 ) ) which i s 
known e x p e r i m e n t a l l y . 
As w i l l "be seen i n se c t i o n ( 3 . 3 . 2 ) of t h i s Chapter, 
when the experimental g-values are used to diagonalise the 
g-tensor, i t i s found t h a t the (1-11^> axis i s r e a l l y the 
a x i a l symmetry axis w i t h g-value components of g j ^ = 2.003 
and g. = 1 .880. A l l the other g-valuea range between these 
values f o r any d i r e c t i o n of the magnetic f i e l d . 
For the time being, l e a v i n g the reason of how the a x i a l 
symmetry a r i s e s and the nature of the paramagnetic centre, 
the EPR spectra o f type-A may be explained i n the f o l l o w i n g 
way: 
The observed type-A- l i n e s are i n f a c t f o u r l i n e s , . 
r e s u l t i n g from the EPR absorp t i o n of centres w i t h axes of 
axial-s.ymmetry positioned- .along the f o u r possible < 111 ^  
d i r e c t i o n s . The value of the g - f a c t o r of each separate 
l i n e i s given by ( 1 . 37 ) 
2 2 2 2 2 g = gj a cos 9 + g^ s i n 0 
0 i s being the angle between H and the Ol"0 ax;i-s» F o r 
three o r i e n t a t i o n s of the c r y s t a l r e l a t i v e t o the magnetic 
f i e l d H, i t i s found t h a t : 
1 . HA<100>, every [l 11] axis forms an angle of 54 .7° 
w i t h H and we may expect the l i n e s of a l l centres t o 
coincide due t o the above equ . ( l . 3 7 ) . 
2 . H^^jO}, the 11 > axes form two p a i r s of axes making 
angles 35 .3° and 90° w i t h H r e s p e c t i v e l y i n t h i s 
case, the l i n e s i n each p a i r coincide and t h i s r e s u l t s 
i n d i f f e r e n t g-values f o r each p a i r . 
3. H ^ 1 1 1 > , the other ( l 1 l ) - a x e s make an angle of 72° w i t h 
H d i r e c t i o n , grouping the l i n e s i n t o one and t h r e e . 
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We now pass on to the ex p l a n a t i o n of the a x i a l f i e l d ; 
I n t e t r a h e d r a l c o - o r d i n a t i o n , the n e g a t i v e l y charged 
oxygen i o n i s surrounded "by a cage of f o u r p o s l i v e l y 
charged Zr*'+ ions. I f these four l i g a n d ions form a 
reg u l a r tetrahedron, ions are placed a l t e r n a t e l y on the 
corners of the cube, the symmetry i s s i m i l a r to cubic. I n 
many cases however small d i s t o r t i o n s occur. 
I f a l i n e i s drawn from the centre through one of the 
U+ 
Zr ions o f the tetrahedron, the d i r e c t i o n becomes the 
d i r e c t i o n cosine Ql11~j w i t h respect t o the f o u r - f o l d [ j OcTJ 
axis of the u n i t c e l l and i f the i-on on t h i s l i n e i s a t a 
s l i g h t l y d i f f e r e n t distance compared w i t h the other t h r e e , 
or has a d i f f e r e n t charge, an a x i a l c r y s t a l f i e l d r e s u l t s . 
The symmetry i s preserved around t h i s a x is so t h a t g-^values 
remain.-constant w i t h o u t .being dependent on the magnetic 
f i e l d d i r e c t i o n . 
The best p o s s i b i l i t y f o r c r e a t i o n of the a x i a l f i e l d 
along i s the s u b s t i t u t i o n of ( i o n i c radius = 
0,92A°)..with Z r ^ + ( i o n i c radius = 0.79 A°), Pauling (1927), 
because of the d i f f e r e n t i o n i c r a d i i . 
As w i l l be seen i n Figure (3.1) replacement of Y w i t h 
any of-the Z r ^ + ions numbered Z r ( l ) , Zr ( 2 ) , Zr (3) and Zr(Ij.) 
w i l l always give r i s e t o an unbalanced a x i a l f i e l d along 
one of the body diagonal ^111^ d i r e c t i o n s . For the whole 
c r y s t a l i t may w e l l be possible t o f i n d f o u r body diagonal 
^111) direct!ons . 
The other p o s s i b l e ions, which may cause t h i s a x i a l f i e l d 
2 3 P 
are Y +, Zr , Zr'"""1". The p o s s i b i l i t y of the existence of 
these ions and others w i l l be discussed i n sec t i o n (3 .3 .3) . 
I n a l l these cases, v/e consider two c o n t r i b u t o r s t o the 
5k 
c r e a t i o n of the a x i a l c r y s t a l f i e l d ; the " s i z e " and the 
"charge" m i s f i t s . 
The most probable explanation of type-A EPR centre i s 
an e l e c t r o n trapped i n the oxygen vacancy (an P-centre). 
I t has already been p o s t u l a t e d by Casselton (1968b) from 
the c o n d u c t i v i t y measurements t h a t "the e l e c t r o l y s i s 
phenomenon observed at h i g h c u r r e n t d e n s i t i e s a r i s e s by 
e l e c t r o n i n j e c t i o n from the cathode metal electrode i n t o 
the ceramic. I f the applied voltage i s s u f f i c i e n t l y l a r g e 
so t h a t the r a t e of oxygen i o n t r a n s p o r t away from the 
cathode zone exceeds the supply from the surrounding 
atmosphere by the r e a c t i o n 
f Q 2 ( g a s ) + Vo -i- Se — 0 2" 3.1 
a large c o n c e n t r a t i o n of vacancies may be set up i n the 
cathode -zone s u f f i c i e n t " "to "create a breakdown f i e l d t h a t 
would overcome the metal-ceramic p o t e n t i a l b a r r i e r , some 
of the i n j e c t e d electrons would be trapped i n anionic 
vacancies, g i v i n g r i s e t o c o l o r centres." 
We have very convincing evidence based on the EPR 
r e s u l t s , i n favour of t h i s p o s t u l a t e . This evidence also 
allows us t o assign the paramagnetic centre, causing the 
type-A l i n e , t o a trapped e l e c t r o n i n an oxygen vacancy. 
The se r i e s o f EPR experiments explained below w i l l show 
t h a t the type-A centre disappears w i t h heat treatment i n 
oxygen and argon atmospheres but re-occurs again a f t e r the 
curre n t blackening process ; t h i s may be explained according 
to the above e q u . ( 3 . l ) . 
1 . On the c r y s t a l 1AI0n of 8 mole % YSZ, a rod having 
dimensions ( i inm" x 10 mm), the f o l l o w i n g treatments 
v/ere made and EPR spectra were taken f o r comparison at 
room temperature. 
( a ) C r y s t a l lA'IOn^ (as grown) 
Result: type-A l i n e s were present. 
( b ) C r y s t a l lAlOiig (annealed, i n the same co n d i t i o n s 
w h i l e c r y s t a l 1A10n^ was d.c. "blackened i n argon) 
Result: type-A l i n e s were not present. 
( c ) Prom the current blackened rod, under the 
f o l l o w i n g conditions of (1 A/cm2, 10 m, 800°C, 
i n argon), two pieces of samples 1A10n T and 
1A10n^ were examined. 
C r y s t a l 1A10n^: ( m a j o r i t y of the sample piece 
was as grown w i t h very l i t t l e blackened p a r t ) . 
Result: type-A l i n e s were present again. 
The type-C l i n e i n t e n s i t y observed was 
e_x:fc.r_emely weak; this.may be due to the. very 
small number of spins of the small blackened 
p a r t which c o n t r i b u t e t o EPR. 
C r y s t a l 1A10n^: (a completely blackened piece 
was used). 
Result: the type-A l i n e s were much more 
intense than the one observed i n the annealed 
..s.p.e.cime.n lAlOng. . _ 
I n a d d i t i o n an e a s i l y seen type-C l i n e was 
present. The d e t a i l s of the type-C l i n e 
w i l l be given i n s e c t i o n (3.1+.2). 
The f o l l o w i n g spectra were taken from 1A10q and 1A10q^ 
of which |A1 Oq was annealed and 1A10q^ was d.c. 
blackened i n the conditions of (25 A/cm". 1 h r . 800°C 
i n argon). 
( a ) C r y s t a l 1Al0q (annealed i n argon). 
Result: type-A l i n e was not present. 
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( b ) C r y s t a l lAIOq^ (d.c. blackened). 
• Result: type-A l i n e s were e x i s t and. type-C 
l i n e was much more i n t e n s e . 
Casselton's (1968b) other p o s t u l a t e i s based, on the 
reverse r e a c t i o n t o the one given by eq.u.(3.1 ) and would be 
due to the heat treatment at a hi g h temperature i n an i n e r t 
atmosphere. I n t h i s case the source of trapped e l e c t r o n s 
would a r i s e due t o the r e a c t i o n 
0~ 2 i 0 2 ( g a s ) .|. Vo -+ 2e 3,2 
i n order t o increase the detectable number of spins and 
also t o be sure t o create centres (oxygen vacancies w i t h 
s i n g l e e l e c t r o n s ) we f i r s t heated the sample i n oxygen and 
then i n vacuum. 
As w i l l be seen from the f o l l o w i n g r e s u l t s t h a t second 
p o s t u l a t e i s a l s o v e r i f i e d f o r type-A"~D:ines. 
1 . C r y s t a l 1A1.0e (as grown) was recorded and 
type-A l i n e s were observed. 
2. The same c r y s t a l (as grown above) 1A10e was 
heated i n 0 2 at 1100 °C f o r 2.5 h r s . , 0 2 
r a t e was 25 cc/min, cooled i n 0 2 . 
Result: type-A l i n e s were not observed. 
3. The oxygen heated crystal~w&s then vacuum 
-3 
reduced i n the con d i t i o n s of 1 0 t o r r a t 
1100°C f o r 3.5 hrs., cooled down t o 200 °C 
over 6 h r s . 
Result: type-A l i n e s were observed again 
although they had disappeared a f t e r oxygen 
heat treatment. 
As i t v/as shown before, l i k e the curr e n t blackening 
process, vacuum r e d u c t i o n had re-created type-A l i n e s . 
We now see t h a t Casselton's p o s t u l a t e s about two reverse 
processes "based on trapped e l e c t r o n s i n oxygen vacancies 
are found t o he s a t i s f i e d f o r the type-A paramagnetic 
centres. 
P r e v i o u s l y r e p o r t e d P-centres i n A l k a l i Halides are 
reviewed hy Markham (1966) t h a t they have g-values between 
1.987 to 2.0029 and l i n e widths 5 to 80 mT which also 
support our assignment of type-A l i n e s as due t o an F-centre. 
The p o s s i b i l i t y of the assignment of e i t h e r the type-A 
or type-B l i n e s i n as grown materials to any 0H~ centre can 
immediately he r e j e c t e d because, probably due t o the growing 
process ( e l e e t r o f u s i o n ) of the c r y s t a l s , (as w i l l be seen i l l 
Chapter 6 ) , no peak i n c o r p o r a t i n g 0H~ has been observed 
o p t i c a l l y around 2.8 microns v/ith e i t h e r k i n d Of YSZ. 
However i t has been shown to occur i n a number o f m a t e r i a l s 
grown as s i n g l e c r y s t a l s by flame f u s i o n , f o r example, 
YgO^ shows a very weak but sharp absorption band at 2.75 
microns, V/ickersheiin et , a l . ( l 961 ) . 
Any p o s s i b i l i t y of the assignment of type-A due to an 
elect r o n - h o l e or a complex l i k e (YM„., V ), which has been 
zr o 
proposed by G a i l l e t (1968) on .thi s basis of h i s c o n d u c t i v i t y 
data can also be r e j e c t e d because of the non-observance of 
EPR spectra on the lower magnetic f i e l d side of f r e e s p i n 
value. (According to Hund's r u l e the g-value i s bigger 
than 2.0023 when the e l e c t r o n i c s h e l l i s more than h a l f f u l l ) . 
12 mole % Y32 (as grown) 
With the same procedure as used f o r 8 mqle fo YSZ 
c r y s t a l s , the PIPR spectra of the 12 mole % YSZ as grown 
ma t e r i a l s have also been recorded. They have not shown any 
di f f e r e n c e s at a l l on the type-A and type-B l i n e s and no 
e x t r a spectra have been observed. 
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The angular v a r i a t i o n of type-A l i n e s are shown i n 
Figure ( 3 . 8 ) , at room temperature. 
Low temperature spectra of as grown YSZ 
The i n v e s t i g a t i o n at 77 °K has shown no n o t i c e a b l e change 
of type^-A and type-B l i n e s , and no e x t r a new spectra were 
observed. 
The angular v a r i a t i o n s of type-A and type-B l i n e s are 
shown i n Figure (3.9) f o r c r y s t a l 1A10a. 
3.3.2 Determination of the g-tensor f o r type-A l i n e s 
We have already mentioned i n Chapter 1, s e c t i o n (1 .8) t h a t 
the p r i n c i p a l g-values and t h e i r corresponding d i r e c t i o n 
cosines may be determined from the e x p e r i m e n t a l l y found 
g-values-. 
We have also shown i n Chapter 3, s e c t i o n (3.3.1 ) t h a t the 
v a r i a t i o n of the experimental g-values c a l c u l a t e d from the 
EPR recordings (see f i g u r e ( 3 . 7 ) ) w i t h respect t o the c r y s t a l 
axes i n two perpendicular (100) and (010) planes of the 
as grown c r y s t a l 1A10a (8 mole % YSZ) at room temperature, 
p e r f e c t l y overlapped i f the <100> c r y s t a l axis i s accepted 
as reference f o r t h i s procedure t 
A computer programme has been w r i t t e n i n order to 
c a l c u l a t e the p r i n c i p a l g-values and the p r i n c i p a l axes 
Fig . ( 3 . 8 ) Angular dependence of p o s i t i o n s of the 
type-A l i n e s w i t h the magnetic f i e l d d i r e c t i o n l y i n g i n the 
(lOO)-plane. As grown 12 mole % YSZ, 35.5 GHZ, 290 °K. 
Fig. ( 3 . 9 ) Angular dependence of p o s i t i o n s of the type-A : 
and type-B l i n e s w i t h the magnetic f i e l d d i r e c t i o n l y i n g i n 
the (lOO)-plane. As grown 8 mole % YSZ, 77 °K. 
Fig. (3-8) 
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( d i r e c t i o n cosines) of these p r i n c i p a l values w i t h respect 
to the c r y s t a l axes system as given "below. 
I n order t o run the computer programme three experimen-
t a l g-values w i t h t h e i r corresponding angles measured from a 
chosen reference c r y s t a l axis (e.g. < 1 0 0 » , and the c r y s t a l 
plane numbers are used. 
The simultaneous l i n e a r equations given below 
2 / \ 
(exp) 
2 2 
= g x x c o 3 *11 -i- 2 g x y c o s ( + 
2 . 2 ,L 
g y y s i n *11 
2 / \ g l 2 ( e x p ) 2 2 - g x x C O S *12 + 2 g
2
ycos( t ) l 2 s i n ( ) ) l 2 + 
2 • 2 ^ 
g y y s i n *12 
2 / % g2-| ( e x P ) 
2 2 = g cos 
b y y *21 + 
2 g 2 zcos( ^ 2 1 s i n ( t ) 2 l + 
g 2 2 ( e x p ) 2 2 B g y y c o s *22 + 2 4 2 C 0 3 < | ) 2 2 s i n ( | ) 2 2 + 4 3 S l n ( l ) 2 2 
g 3 1 ( e x p ) 2 . 2 = g x X S i n *31 + 2 g
2
xcos( |) 3 1 s i n ( ( ) 3 1 + 2 2A g cos (D,. °zz \31 
2 i \ S 3 1 (exp) = 4 x S i n * 32 + 2 " 4 c o b i |) 3 2.sin(|) 3 2 + "
 2 ~ " 2A g z zcos (|)32 
are solved i n c o n j u n c t i o n w i t h the *SSP subroutine programme 
c a l l e d "SIM Q." The s o l u t i o n s g 2^, g 2 y , g 2 y > g 2^, g y z , g 2 z 
e t c . are components of the g ( 3 x 3 ) symmetric tensor. 
I t i s necessary to diagonalise t h i s so the # SSP subroutine. 
2 
"EIGEN" i s used f o r t h i s purpose. This gives a ( g )-tensor 
whose o f f - d i a g o n a l elements are zero and the square r o o t s of 
these diagonal components are the p r i n c i p a l values of the 
g-tensor. The p r i n c i p a l axes are also c a l c u l a t e d . 
The computer programme has been ran f o r the experimental 
g-values, angles and plane numbers. These are t a b u l a t e d With 
the corresponding c a l c u l a t e d p r i n c i p a l g-values and p r i n c i p a l 
axes i n Table ( 3 . 1 ) . 
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TABLE ( 3 . 1 ) 
Exp. g-values 1 ,963 1 .880 1 .963 1.880 1 .963 1 .880 
Angle (H ancl<lOO>-
a x i s ) : k5 135 k5 135 k5 135 
Plane numbers : 1 1 2 2 3 3 
P r i n c i p a l g-values: 2.003 1 .880 1 .880 
P r i n c i p a l axes : 0.577 0.390 -0.717 
0.577 -C.816 0.021 
0.577 0.1*26 0.696 
The p r i n c i p a l g-values i n Table ( 3 . 1 ) being 2.003, 1 .880, 
1.880 i n d i c a t e the existence of an a x i a l symmetry f o r the 
g-value of 2 .003 w i t h d i r e c t i o n cosine 0.577; (arc cosine 
0.577 =-5U°M' being the angle between the a x i a l f i e l d and -
the [100] d i r e c t i o n of the c r y s t a l ) . 
- - Wrthr tire use of the s"i"mp"l-e"_t'r"igbnometric r e l a t i o n s h i p s 
f o r a?, cubic s t r u c t u r e , i t i s found t h a t : the angle 0^  
(between < 111 > and<100>) and G2 (between < 111 > and<110>) 
are 5k°^ ' and 35°211 r e s p e c t i v e l y . Two conclusions can be 
derived from t h i s . 
1. The a x i a l symmetry axis i s the body diagonal <111> 
d i r e c t i o n of the c r y s t a l . 
2. I f we r e - w r i t e the~e~qu."(1 .37) mentioned ~in~Chapter 
1, s e c t i o n (1.8) 
2 2 2 2 — g = ( g J 8 cos 0 + gj_sin 6 ) * 
and s u b s t i t u t e the c a l c u l a t e d .-= 2.003 and 
g = 1.880 values f o r the angles 6^  = 5'-t-°Ul ' and 
©2 = 35°21' one by one i n the above equation, we 
f i n d two g-values f o r the magnetic f i e l d d i r e c -
t i o n s along the O 0 0 > a'"'d <110), These are shown 
i n Figure ( 3 . 7 ) w i t h f u l l squares and f i t q u i t e 
w e l l w i t h the experimental values. 
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For comparison the c a l c u l a t e d and experimental values are 
given i n Table ( 3 . 2 ) 





0,, 54°41 ' 
0 2 = 35°21 ' 
1 .922 
1 4 964 
1 .921 
1 .963 
3 .3 .3 EPR spectra of type-B l i n e and discussions 
The type-B spectrum of as grown c r y s t a l s of YS2 has been 
recorded w i t h the procedure explained i n s e c t i o n ( 3 . 3 . 1 ) . I n 
Figure (3 .10) the asymmetric type-B l i n e seen i n the ( 1 0 0 ) -
plane i s shown together w i t h type-A l i n e s f o r comparison. 
The s l i g h t l y a n i s o t r o p i c behaviour and the w i d t h change, 
were observed as shown i n Figure ( 3 . 9 ) . The w i d t h changed 
between the values of. 10+1 and 6+1 inT corresponding t o the 
<110>and <100> d i r e c t i o n s of the u n i t c e l l . The g-values 
were also found t o be 1 .997 and 1 .990 r e s p e c t i v e l y a t maximum 
( 1 0 0 ) and minimum ^11 0^ p o s i t i o n s . 
The heat treatment of c r y s t a l s (see Appendix 2) i n argon 
and oxygen atmospheres or vacuum re d u c t i o n seemed not t o 
e f f e c t the" type-B l i n e . " This r e s u l t can be taken as an 
i n d i c a t i o n of the centre being a paramagnetic i o n . The 
i n t e n s i t y of the l i n e decreased q u i t e n o t i c e a b l y over a year 
during which the specimen had been kept i n room temperature 
i n a i r . 
F i g . (3 .10) JSpectra observed in. as grown 8 mole % "X3Z. 
Magnetic f i e l d 16 degrees from Jj Ooj d i r e c t i o n i n ( 0 0 1 ) -
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Discussions of EPR of type-B l i n e 
Why i s the type-B l i n e assigned t o a cation? 
1. The p o s s i b i l i t y of assignment of the type-B l i n e t o 
a c a t i o n a r i s e s because of the symmetry of the l o c a l 
l i g a n d as has been explained i n s e c t i o n ( 3 . 2 ) . 
2 . As has been mentioned i n section ( 3 . 3 . 1 ) assignment 
t o an OH i o n or t o (Yzr, Vo) i s not p o s s i b l e . 
C a i l l e t (1968) has po s t u l a t e d t h a t : 
Yzr + V o " — - ( Y z r , Vo)' 3.3 
as i s seen from Figure (3.1 ) . Let us assume t h a t 
s u b s t i t u t i o n of Y J + f o r Zr^' + causes an oxygen i o n 
to vacate i t s place. This would act as i f i t had 
a double p o s i t i v e charge. Assume f u r t h e r t h a t 
t h i s makes Y^+—- Y^""1" w i t h a trapped hole of charge 
+1" "a"t the centre bf'The"tetrahedron." ~ Under these 
assumptions i f . we say t h a t type-B i s due t o Y^ "+, 
we should have observed a "hole" resonance as w e l l 
as on the lower f i e l d side of the f r e e s p i n value 
according t o Hund 1s Rule. But we have not seen 
such a "hole" resonance spectrum. Following the 
same argument the re-occurrence of the other V, U 
centres i s also'riot" expected. (For d e t a i l e d d i s -
cussion see f o r instance Low (1962) ) . 
3* The unaffected behaviour of the type-B l i n e due 
to heat treatment of the sample i n various atmos-
pheres at h i g h temperature ( « 1000 °C) may be 
considered as an i n d i c a t i o n of a paramagnetic i o n 
r a t h e r than a colour centre Low (1962). 
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What i s ( o r are) then t h i s ( t h e s e ) cat:i.on(s)? 
I n order t o give the most p l a u s i b l e i d e n t i f i c a t i o n of the 
type-B l i n e , the p o s s i b i l i t i e s are discussed in. the f o l l o w -
i n g s e c t i o n . 
I n YSZ samples the possible paramagnetic ions ( e x c l u d i n g 
the e f f e c t of the i m p u r i t i e s mentioned i n Chapter 2, s e c t i o n 
(2.2.2)) w i t h t h e i r e l e c t r o n i c c o n f i g u r a t i o n s are: 
Z r 5 + ( 3 p 5 ) , Z r 3 + ( 4 d 1 ) , Z r 2 + ( 4 d 2 ) , y 4 + ( 3 d 5 ) , Y 2 + ( 4 d 1 ) . 
1. The c r e a t i o n of Y^ '+ and Z r ^ + ions during the growth process 
i s not possible because as w i l l be seen from Table ( 3 . 3 ) 
i n both cases the i o n i z a t i o n energies r e q u i r e d t o maintain 
charge n e u t r a l i t y would be excessive, since i n every case 
the i o n i z a t i o n r e q u i r e d would be from a f i l l e d e l e c t r o n 
s h e l l . I n f a c t when Yg'O^  i s introduced i n t o the ZrOg 
l a t t i c e the y t t r i u m occupies normal l a t t i c e s i t e s w h i l e 
a c e r t a i n number of oxygen s i t e s are l e f t vacant, Hund 
(1951). This i s p r e f e r a b l e t o the formation of e i t h e r 
or Z r ^ + which would be r e q u i r e d i f a l l s i t e s were t o 
be f i l l e d . On the other hand the occurrence of a 
complete range of s o l i d s o l u t i o n from the f l u o r i t e t o 
the C-type body centred cubic l a t t i c e , through a p r o -
g r e s s i v e l y i n c r e a s i n g number of oxygen vacancies, 
s t r o n g l y support this;Coullough e t , a l . ( l 9 5 2 ) , Bruner 
e t . a l . ( l 9 5 1 ) . 
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TABL5 ( 3 . 3 ) 
Values of the i o n i z a t i o n energies ( i n ev.) f o r 
zirconium and y t t r i u m together w i t h corresponding 
i o n i c r a d i i ( i n A 0 ) . The i o n i z a t i o n values were 
reproduced from G r i f f i t h s (1963) p ,379, Hester 
(1965), t a b l e 5 .1 , Cotton and Wilkinson (1962), 
t a b l e 30.1 . The i o n i c r a d i i were taken from 
G-melins Handbuch-der Anargonishen Chemie 8. 
Auflage-Zirconium p.103. 
I o n i z a t i o n s tages 
0 1 2 3 k 5 6 
Zirconium 
I o n i z a t i o n En: 6.81* 13.13 22.98 34.3 99 
I o n i c r a d i u s : 1 .58 1 .33 1 .11 0.93 0.80 
Y t t r i u m 
I o n i z a t i o n En.: 6.38 12.23 20.5 77 
2. The ions Zr and Y + are the best candidates f o r type-B 
21 
s i n g l e l i n e r a t h e r than Zr + which should have giv e n three 
l i n e s . 
The r e d u c t i o n energies ( o r i o n i z a t i o n energy d i f f e r e n c e s ) 
f o r Zr24"1" t o Z r ^ + i s 11 ,32 ev and f o r Y~*+ t o Y 2 + i s 8.2? ev. 
These i n d i c a t e t h a t Z r ^ + may be more e a s i l y reduced t o Zr^ + 
than Y 3 + t o Y 2 + Mott and Gurney (1948) p.102. However, as 
the i o n i z a t i o n energies do not d i f f e r very much, we might 
•7., p . 
expect both i o n s ; Zr^"1" and Y t o be created. The 
asymmetric appearance of the l i n e _ m i g h t then be due t o 
overlap of these two ions' c o n t r i b u t i o n s . (This assumption 
might also e x p l a i n the f a c t of the d i r e c t i o n a l broadening) 
as w e l l as the d i s t o r t e d l i g a n d e f f e c t s . 
The reported Y 2 + EPR by O'Connor (1963) w i t h g = 1 .994 
~ 0.005 f i t s our mean g-value 1 .993 c l o s e l y . There i s not 
3 , 2 + any data f o r Zr and very l i t t l e f o r Zr T by Mataumra 
(1963). 
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As p o i n t e d out by Ahrens (1952) "because the i o n i z a t i o n 
energy d i f f e r e n c e s between the i o n i z a t i o n s t a t e s are low, no 
low valence states of zirconium can be found i n a g e o l o g i c a l 
environment. Because of t h i s , the o x i d a t i o n up t o the 
quadr i v a l e n t s t a t e i s always immediate." I n f a c t , i f type-B 
3 + 
i s due t o Zr only, the disappearance of the l i n e a f t e r one 
year may be understood according t o the' f a c t j u s t given above. 
The L\.& as w e l l as the 5d t r a n s i t i o n metal ions are known 
to be more c o v a l e n t l y bound than the 3d ions and t h i s gives 
r i s e t o a stronger c r y s t a l f i e l d . The s t r o n g f i e l d ground 
s t a t e of the Ud c o n f i g u r a t i o n i s ( d ) ( " t 2 ) , s = \, The 
g- f a c t o r i n the octahedral (6 c o - o r d i n a t i o n ) symmetry can be 
w r i t t e n i n terms of the o r b i t a l r e d u c t i o n f a c t o r k as g = § 
(2k + 1 ) G r i f f i t h s (1961) p.365. From our r e s u l t s f o r Z r 5 + 
or Y + , we o b t a i n k = 0.99k_for g = 1 .993. But the observed 
s l i g h t a nisotrppy f o r the type-B l i n e i n d i c a t e s t h a t the 
c r y s t a l f i e l d i s not completely octahedral so the attempted 
f i t t i n g may be questionable. 
Why i s the l i n e shape asymmetric? 
1 . I t seems u n l i k e l y t h a t the asymmetric shape i s due t o 
unresolved hyperfin'e s t r u c t u r e . The only nucleus having 
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nuclear s p i n other,than zero i s Zr _which i s only 11% 
abundant (Assenheim (1966) p.181) and i s u n l i k e l y t o be 
e f f e c t i v e at t h i s small l e v e l . 
3 , 
2. The asymmetric appearance due t o overlap of the two Zr 
and Y + ions' c o n t r i b u t i o n s has been mentioned before i n 
order to e x p l a i n the d i r e c t i o n a l broadening of t h i s l i n e . 
3 . I t seems however t h a t d i s t o r t e d Uganda due t o oxygen 
vacancies are the most p l a u s i b l e e x p l a n a t i o n f o r t h i s 
asymmetry: the s l i g h t a n i s o t r o p y may be due t o very w e l l 
e s t a b l i s h e d oxygen d e f i c i e n t character of the c r y s t a l 
70. 
s t r u c t u r e . 
3 . 4 SPR spectra „of,,,0.^™?.,I'.'^ckened c r y s t a l s 
3 .4.1 Review of conduction ele c t r o n s p i n res.onance^ 
Conduction e l e c t r o n s p i n resonance-; (CESR) s t u d i e s , both 
experimental and t h e o r e t i c a l , , are extremely scarce compared 
to the usual EPR of l o c a l i z e d spins.. 
The f i r s t CE3R, observed by G-risv/old-' (1952), was due t o 
very f i n e p a r t i c l e s of sodium i n p a r a f f i n wax. A resonance 
was obtained w i t h a g = 2.000 ~- 0.003 and a l i n e w i d t h of 
78 gauss which was independent of temperature. 
The f i r s t systematic work Was t h a t of Feher (1955). Some 
of the reported CESR r e s u l t s i n metals are shown, i n t a b l e 
( 3 . 4 ) . Several reviews surveying the previous t h e o r e t i c a l 
and experimental v/ork on CE3R are also given by Knight (1951), 
Yafet (196.3-).--" • 
TABLE ( 3 . 4 ) 
CESR. p r o p e r t i e s of metals 
H a l f w i d t h ( T 2 (gauss) Teinp.depen-
. daht l i n e reference room temp. _ minimum 































no resonance observed 
Gueron ( 1 9 6 5 ) 
V e r c i a l ( 1 964) 
Walsh ( 1 9 6 6 a ) 
Walsh ( 1 9 6 6 b ) 
3 c h u l t z ( l 966) 
Schultzf 1 965) 
Cousins(1 9 6 5 ; 
Bowring( 1 971 ) 
Schultz ( 1 9 6 6 ; 
Feher (19 5 5 ) 
The observed spectra f o r the metals l i s t e d i n Table (3.4) 
are s u f f i c i e n t l y narrow, i . e , w i t h i n the d e t e c t i o n L i m i t of 
the equipment. The CT3R absorptions in. metals i n v e s t i g a t e d 
by Feher (1955) were w i t h L i , Na, K, Be, Hg fAl f Fd, ':•! but 
no resonances were observed i n Rq;, A l , Fd, or From the 
knowledge of the s e n s j t i v i t y ( 1 0 ^ spins per Oersted a t room 
t e m p e r a t u r e ) the spectre-meter had put an upper- l i m i t t o the 
—1 o 
s p i n - r e l a x a t i o n time o f the above m e t a l s of T ? < 5 x 1 0 s . 
A c c o r d i n g t o E l l i o t (135k) the p r i n c i p a l t h e o r y o f GESR 
f o r m e t a l s can he summarized as f o l l o w s : 
The l i n e w i d t h i s r e l a t e d to the c o n d u c t i o n e l e c t r o n 
s p i n r e l a x a t i o n time w h i c h i n t u r n i s dominated hy e l e c t r o n -
phonon i n t e r a c t i o n t h r o u g h t h e s p i n - o r b i t c o u p l i n g . I n 
m a t e r i a l s w h i c h have s h o r t r e l a x a t i o n t i m e s and hence l a r g e r 
i n h e r e n t l i n e w i d t h s , the r e s o n a n c e w i l l be more d i f f i c u l t 
t o d e t e c t . Y a f e t (19&3) gave more r e f i n e d f o r m u l a e c o n c e r n -
i n g the r e l a x a t i o n t i m e . 
However, i n the c a s e o f s m a l l p a r t i c l e s K U D O ( 1 9 6 2 ) 
p o i n t e d out t h a t r e l a x a t i o n p r o c e s s e s a r e l i k e l y t o he 
s i g n i f i c a n t l y m o d i f i e d . R e c e n t l y H o l l a n d ( 1 9 6 6 ) has shown 
t h a t the e l e c t r o n - p h o i i o n s c a t t e r i n g s h o u l d he s t r o n g l y 
i n h i b i t e d i n p a r t i c l e s w h i c h a r e s u f f i c i e n t l y s m a l l ( l e s s 
t h a n 1 00 A 0 d i a m e t e r ) . . As a consequence of t h i s the s p i n -
r e l a x a t i o n time s h o u l d he i n c r e a s e d by o r d e r s o f magnitude } 
t h u s GESR s h o u l d be more e a s i l y o b s e r v e d i n s m a l l p a r t i c l e s 
t h a n b u l k m e t a l . F o r p a r t i c l e s s m a l l e r t h a n the 100 A 0 
l i m i t , he e x p e c t s a t e m p e r a t u r e i n d e p e n d e n t b r o a d e n i n g and 
a s h i f t of t he r e s o n a n c e l i n e . Then as t h e p a r t i c l e s i z e 
i n c r e a s e s , the l i n e w i d t h narrows and a t e m p e r a t u r e -
dependence of the w i d t h b e g i n s . F i n a l l y a f u r t h e r b r o a d e n i n g 
v / i t h i n c r e a s i n g s i z e shows t h a t t h e E l l i o t mechanism becomes 
dominant. 
The l i n e shape f o r GESR has been g i v e n by Dyson (1933) 
f o r b u l k apecimens where the sample d i m e n s i o n s a r e b o t h 
g r e a t e r and s m a l l e r t h a n the microwave a k i n d e p t h . 
Some of the o b s e r v e d GESR due t o m e t a l l i c ( c o l l o i d ) 
p a r t i c l e s i n d i e l e c t r i c c r y s t a l m a t r i c e s a r e g i v e n i n 
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T a b l e ( 3 . 5 ) 
Some CESR and o p t i c a l d a t a on c o l l o i d a l 
m e t a l l i c p a r t i c l e s . 
M e t a l l i c how , o p t i c a l 
p a r t i c l e c r e a t e d . W l d t h , g - v a l u e a o s o r p - R e f e r e n c e 
J; (;-';auss:) t ^ n . L - C l l 
L i ( L i H ) I r r a . U V 0.3 2.002 6500 D o y l e ( 1 9 5 9 ) 
K ( K B r ) a d d i -
t i v e l y 6 1.9997 7500 J a i n ( 1 9 6 8 ) 
The d e t e c t i o n o f a C133R s i g n a l i s a n o n - t r i v i a l problem 
s i n c e the number o f e f f e c t i v e s p i n s i s u s u a l l y s m a l l due t o 
t h e s m a l l s k i n d epth i n m e t a l s and f u r t h e r t h e l i n e s a r e 
b r o a d . S e v e r a l o r i g i n a l t e c h n i q u e s have been us e d b e s i d e s 
the c l a s s i c a l methods; e.g. s e l e c t i v e - t r a n s m i s s i o n , L e w i s 
e t . a l . ( 1 9 6 4 ) o r B o l o m e t e r d e t e c t i o n , Schmidt e t . a l , ( l 9 6 6 ) . 
We" co'tdrd e x c l u d e re'viewing the CESR made on s e m i -
c o n d u c t o r s , (due to e l e c t r o n s i n t h e i r c o n d u c t i o n b a n d s ) , 
b e c a u s e o f d e a l i n g w i t h an i n s u l a t o r s u c h as Y3Z. However, 
i n j e c t i o n of the e l e c t r o n s d u r i n g c u r r e n t p a s s a g e i n t r o d u c e s 
e l e c t r o n s t o t h e c o n d u c t i o n band o f the c r y s t a l and some o f 
them a r e t r a p p e d i n the donor l e v e l s ( o x y g e n v a c a n c i e s ) so 
the m a t e r i a l may be c o n s i d e r e d a doped s e m i c o n d u c t o r i n the 
blacKene'd c o n d i t i o n . Trie" CESR i n s e m i c o n d u c t o r s i s d i f f e r e n t 
i n two ways from t h a t i n m e t a l s . 
1. I n o r d e r to p o p u l a t e the c o n d u c t i o n band, s h a l l o w i m p u r i -
t i e s a r e needed b u t the e f f e c t o f the donors a p p e a r i n g as 
e l e c t r o n t r a p s c a n n o t be n e g l e c t e d Kodera ( 1 9 6 4 ) . 
2. The p o s s i b i l i t y o f v a r y i n g the c o n d u c t i o n e l e c t r o n c o n c e n -
t r a t i o n p e r m i t s the F e r m i l e v e l o f the e l e c t r o n gas to 
be changed, Duncan e t . a l . ( 1 9 6 4 ) p.1171. 
The q u e s t i o n a r i s e n , how c a n c o l l o i d a l p a r t i c l e s "be 
r e c o g n i s e d ? Some p o s s i b l e methods a r e : 
1 . The t e m p e r a t u r e independence of t h e i n t e n s i t y of C.138R. 
The s u s c e p t i b i l i t y o f c o n d u c t i o n e l e c t r o n s it-: t e m p e r a t u r e 
i n d e p e n d e n t i n c o n t r a s t t o the a p p r o x i m a t e 1/T dependence 
f o r p a r a m a g n e t i c i o n s , K i t t e l (1966), p.i.ii.i-6. 
2. The c l o s e n e s s o f the o b s e r v e d g - v a l u e t o the f r e e 
e l e c t r o n g ~ 2.0023 s u g g e s t s t h r e e p o s s i b i l i t i e s : CESR, 
an o r g a n i c f r e e r a d i c a l or a t r a n s i t i o n m e t a l i o n whose 
o r b i t a l a n g u l a r momentum i s a l m o s t quenched. 
3. The o p t i c a l s c a t t e r i n g and o p t i c a l a b s o r p t i o n bands 
o b s e r v e d i n t h e v i s i b l e r a n g e . T h e s e a l s o show t e m p e r a -
t u r e i n d e p e n d e n t b e h a v i o u r a s w e l l a s a s h i f t to l o n g e r 
w a v e l e n g t h s w h i c h may be due g r o w i n g p a r t i c l e s i z e s . 
L\.» From n u c l e a r m a g n e t i c r e s o n a n c e , m e a s u r i n g " k n i g h t 
s h i f t . " E v i d e n c e f o r the m e t a l l i c c h a r a c t e r o f the 
p r e c i p i t a t e s was o b t a i n e d f o r i n s t a n c e b y L e v y (1936) 
m e a s u r i n g K n i g h t S h i f t s f o r p o t a s s i u m and c a e s i u m p r e -
c i p i t a t e s i n f r o z e n l i q u i d ammonia s o l u t i o n s . 
3.1+.2 The EPR s p e c t r a of c u r r e n t b l a c k e n e d s a m p l e s and 
d i s c u s s i o n s ~ ~ 
I n t h e ( l O O ) - p l a n e , t h e E.PR s p e c t r a o f c u r r e n t b l a c k e n e d 
s a m p l e s sh~ow"ed t h a t a s y m m e t r i c s p e c t r u m ( t y p e - C ) was 
o b s e r v e d i n a d d i t i o n to the type-A and t y p e - B l i n e s , on the 
h i g h e r m a g n e t i c f i e l d s i d e but a l m o s t o v e r l a p p i n g w i t h the 
type-B l i n e . T h i s i s shown i n F i g u r e (3.11). 
The i s o t r o p i c p o s i t i o n of the t y p e - 0 l i n e f o r two 8 
Fig. ( 3 . 1 1 ) S p e c t r a o b s e r v e d i n c u r r e n t b l a c k e n e d 8 
mole % YSZ. Magnetic f i e l d 5 d e g r e e s from [1Oo| d i r e c t i o n 
i n (001 ) - p l a n e ; 35.5 GHz, 290 °K. 













and 12 mole <fc YSZ samples a r e shown i n F i g u r e ( 3 , 1 2 ) and 
F i g u r e ( 3 . 1 3 ) r e s p e c t i v e l y , i n c l u d i n g type-B and type-A 
l i n e s . 
The r e c o r d e d 3PR s p e c t r a showed t h a t the l i n e 
i n t e n s i t y i n c r e a s e d w i t h i n c r e a s i n g a p p l i e d c u r r e n t d e n s i t y . 
2 
T h i s had r a n g e d from 1A/cm , the minimum f o r a d e t e c t a b l e 
p 
type-G EPR s i g n a l , to 25 A/cm , which was a l m o s t t h e upper 
l i m i t f i r s t l y b e c a u s e o f the f r i a b i l i t y of the sample 
d u r i n g c u r r e n t p a s s a g e and s e c o n d l y due t o a l m o s t complete 
l o w e r i n g o f the Q - f a c t o r of the c a v i t y . 
The l i n e w i d t h was measured to be 5.0 0.5 rfiT 
( 5 0 ^ 5 g a u s s ) w i t h t h e g - v a l u e of 1.986. 
I t seemed t h a t t h e l i n e has l o s t some of i t s 
i n t e n s i t y over a y e a r i n a sample w h i c h had been kept a t 
room-temperature, in" a f F i 
F i g . ( 3 . 1 2 ) A n g u l a r dependence o f p o s i t i o n s of the 
type-A, type-B and type-C l i n e s w i t h t h e magnetic f i e l d 
o r i e n t a t i o n . C u r r e n t .blackened 8 mole % YSZ; 35.5 GHZ, 
290 °K. 
F i g . ( 3 . 1 3 ) A n g u l a r dependence o f p o s i t i o n s o f the 
type-A, t y p e - B and type-C l i n e s w i t h the m a g n e t i c f i e l d 
o r i e n t a t i o n i n c u r r e n t b l a c k e n e d 12 mole % YSZ; 35.5 (Hi?., 
290 °K. 
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78. 
The f o l l o w i n g f a c t o r s may a l s o "be t a k e n i n t o a c c o u n t as 
a s u p p o r t of the a s s i g n m e n t o f t y p e - C t o conduction, e l e c t r o n s 
of t h e c o l l o i d a l m e t a l l i c p a r t i c l e s of z i r c o n i u m . 
1 . H a v i n g a g - v a l u e of 1 .980 v e r y c l o s e t o f r e e s p i n g - v a i u e 
2.0023. 
2. When the s p i n - o r b i t c o u p l i n g c o n s t a n t of Zr m e t a l i s 
compared w i t h Cu s e e T a b l e (3.6) f o r w h i c h CESR have 
been o b s e r v e d a s s e e n i n T a b l e (3J4). I t i s . found t h a t 
b e c a u s e of the l i n e , w i d t h dependence on s p i n - o r b i t 
c o u p l i n g ( a s has been e x p l a i n e d i n s e c t i o n ( 3 . U . 1 ) ) , 
i t i s p o s s i b l e t o e x p e c t t o o b s e r v e C3SR f o r Z r m e t a l . 
I t becomes more p l a u s i b l e when i t i s i n the form of 
f i n e m e t a l l i c p a r t i c l e s . 
TABLS (3.6) 
V a l u e s of the o n e - e l e c t r o n s p i n o r b i t c o u p l i n g p a r a -
meter ( i n cm" ) o f Z r , Y, and Cu r e p r o d u c e d from 
McClure ( 1 9 5 9 ) , T a b l e 8. 
T j 1 o m Q T , + e l e c t r o n i c s p i n - o r b i t . E l e m e n t . . . J • , . / -1 \ c o n f i g u r a t i o n c o u p l i n g (cm ; 
Cu 3 d \ s 2 818 
Y k& 5 S 2 225 
Z r . l + d 2 5 3 2 355" ' 
3. I f i t was due t o c o l l o i d a l x j a r t i c l e s , b e c a u s e of the 
symmetry o f the peak, the s i z e of the p a r t i c l e s i s 
s m a l l e r t h a n t h e microwave s k i n depth, ( t h e s k i n depth 
f o r Zr m e t a l i s about 30 m i c r o n s a t 35-5 GHz). T h i s 
does not c o n f l i c t w i t h the o p t i c a l s c a t t e r i n g d a t a , 
from w h i c h a p a r t i c l e s i z e i n the range 10-50 
m i l l i m i c r o n s was e s t i m a t e d . 
79. 
An a l t e r n a t i v e a p p r o a c h i s s u g g e s t e d i f we l o o k a t the 
s i t u a t i o n from d i f f e r e n t a n g l e and suppose t h a t the t.ype-C 
l i n e i s not due t o c o n d u c t i o n e l e c t r o n s of the; m e t a l l i c 
p a r t i c l e s "but r a t h e r t o c o n d u c t i o n e l e c t r o n s i n the 
c o n d u c t i o n band of the c r y s t a l w h i c h have been c r e a t e d by 
e l e c t r o n i n j e c t i o n d u r i n g the c u r r e n t p a s s a g e p r o c e s s . 
I n o r d e r to p o p u l a t e the c o n d u c t i o n band, we need t o 
i n j e c t e l e c t r o n s . T h i s was e v i d e n t i n our e x p e r i m e n t as 
the i n t e n s i t y of the l i n e seemed to i n c r e a s e w i t h i n c r e a s i n g 
c u r r e n t d e n s i t y . On the o t h e r hand v/e must not n e g l e c t the 
e f f e c t of t h e donors ( o x y g e n v a c a n c i e s ) a c t i n g a s e l e c t r o n 
t r a p s . 
CHAPTER-^ 
THEORY OP OPTICAL PROPERTIES 
81 . 
CHAPTER /+ 
THEORY OF OPTICAL PROPERTIES 
k«. 1 I n t r o d u c on 
The c o n c e p t s o f the o p t i c a l p r o p e r t i e s , i n r e l a t i o n t o 
th e e x p e r i m e n t s g i v e n i n C h a p t e r 5, w i l l he g i v e n h e r e . 
I n t e r h a n d t r a n s i t i o n s , the a b s o r p t i o n edge and the o p t i c a l 
c o n s t a n t s a r e s t r e s s e d most. 
]^•2 Background t h e o r y to o p t i c a ] , p r o p e r t i e s of Y3Z 
k.2.1 Band s t r u c t u r e of t r a ^ ^ i o n ^ m e t a l o x i d e s 
Most o f the g e n e r a l f e a t u r e s of the o p t i c a l p r o p e r t i e s 
of t h e s e m a t e r i a l s have n o t b e e n e x t e n s i v e l y s t u d i e d . Review 
o f the e l e c t r o n i c s t r u c t u r e s of the t r a n s i t i o n m e t a l and 
r a r e e a r t h compounds c a n be found i n the r e f e r e n c e s of 
Morin ( 1 9 5 8 ) , A d l e r ( 1 9 6 3 a , 196.8b), M e t h f e s s e l ( 1 9 6 9 ) , 
F a l i c o v (1971 ) . 
U.2.2 I n t e r b a n d t r a n s i t i o n s 
The b e h a v i o u r o f the o p t i c a l c o n s t a n t s n e a r i n t e r b a n d 
edges, i n o t h e r words a t the a b s o r p t i o n edge, c o n c e r n us 
m o s t l y . 
The p r e d i c t i o n s - o f .-the Quantum t h e o - r e t - i c a l - c a l c u l a t i o n s 
f o r the d i r e c t and i n d i r e c t t r a n s i t i o n s n e a r i n t e r b a n d 
edges a r e b a s e d on the w e l l known band t h e o r y , r e s u l t i n g 
from s t u d y i n g the o n e - e l e c t r o n a p p r o x i m a t i o n problem i n a 
s p a t i a l l y p e r i o d i c f i e l d o f the pure c r y s t a l l i n e s e m i -
conduc t o r s C a l l a w a y (19&k), McLean ( 1 9 6 0 ) . 
The e n e r g y dependences of the a b s o r p t i o n c o n s t a n t , K, 
w h i c h i s p r o p o r t i o n a l to the i m a g i n a r y p a r t of t he complex 
d i e l e c t r i c c o n s t a n t £ y / f o r the d i r e c t and i n d i r e c t t r a n s i -
"Lions a r e g i v e n below. 
D i r e c t t r a n s i t i o n s 
W ith d i r e c t t r a n s i t i o n s , the a b s o r p t i o n of e l e c t r o -
m a g n etic r a d i a t i o n i s e x p l a i n e d as the i n t e r a c t i o n between 
r a d i a t i o n and the e j . e c t r o n s i n t h e m a t e r i a l . 
1 • D i r e c t -a 11 ow e d t r ans ijb 1 ons 
K OCCfew - E g ) * / few U.1 
^ • D.i r e c t - f orb i dde n t r a n s i t i o ns 
4- ^ 2 -L K O C ( h w - E g ) / hw U..2 
I n d i r e c t t r a n s i t i o n s 
T r a n s i t i o n s of the i n d i r e c t t y p e i n v o l v e s i m u l t a n e o u s 
i n t e r a c t i o n o f e l e c t r o n s w i t h the e l e c t r o m a g n e t i c r a d i a t i o n 
and the l a t t i c e v i b r a t i o n s . 
3. I n d i r e c t - a 1 1 o w e d t r a n s i t i o n s 
KOC(tw - Eg - i3p)2/few U.3 
• Ind.ir e c t - f o rb i d de n t r ans i t i o ns 
K OC (tiw - Eg i E p ) 3 / n w U. J + 
T h e s e power laws c a n be c h e c k e d a g a i n s t e x p e r i m e n t a l 
d a t a to s e e w h e t h e r a f i t t o one type o f t r a n s i t i o n i s 
o b t a i n e d . T h i s has b e en a t t e m p t e d f o r b o t h 8 and 12 mole % 
as grown YSZ s a m p l e s as w i l l be s e e n i n C h a p t e r 6, s e c t i o n 
( 6 . 2 . 2 ) . 
The problem of how t o a p p l y t h e s e t h e o r e t i c a l r e s u l t s 
t o YBZ, which has y t t r i a as an i m p u r i t y i n / . i r c o n i a , i s 
somewhat u n c l e a r . To c o n s i d e r t h e e x a c t o p t i c a l a b s o r p t i o n 
i n the p r e s e n c e of p e r t u r b a t i o n s s u c h as i m p u r i t i e s , i t i s 
n e c e s s a r y t o s e t up t h e more g e n e r a l f o r m u l a t i o n of t h e 
Xubo approach, B o n c h - B r u e v i c h ( 1 9 5 6 ) . 
83. 
U. 2.3 Abaorpt. ion. edge 
The r a p i d i n c r e a s e i n a b s o r p t i o n w h i c h o c c u r s o v e r a 
s m a l l e n e r g y range i s a common f e a t u r e of the o p t i c a l a b s o r p -
t i o n s p e c t r u m t o a l l s e m i c o n d u c t o r s when the a b s o r b e d 
r a d i a t i o n has an e n e r g y r o u g h l y e q u a l t o the e n e r g y gap o f 
the s e m i c o n d u c t o r or i n s u l a t o r . T h i s i s c a l l e d the a b s o r p -
t i o n edge, Eg, of t h e m a t e r i a l . 
The l a r g e i n c r e m e n t o f a b s o r p t i o n i s due t o o n s e t of 
a b s o r p t i o n i n w h i c h e l e c t r o n s a r e r a i s e d from t h e v a l e n c e 
band a c r o s s the f o r b i d d e n e n e r g y gap t o the c o n d u c t i o n band. 
A s t u d y of t he p o s i t i o n o f t h i s edge and the i n t e r n a l s t r u c -
t u r e may g i v e some i n f o r m a t i o n about the e n e r g y gap and the 
p r o p e r t i e s of e l e c t r o n s t a t e s j u s t above t h e c o n d u c t i o n band 
edge and below t h e v a l e n c e band edge. B e c a u s e t h e s e s t a t e s 
c l o s e to. the c o n d u c t i o n and _y_ale.n.ce. band edges a l s o d e t e r m i n e 
•the e l e c t r i c a l p r o p e r t i e s of the m a t e r i a l t h e e x p l o r a t i o n of" 
the a b s o r p t i o n edge becomes e x t r e m e l y u s e f u l . 
F o r photon e n e r g i e s l a r g e r t h a n Sg, t h e m a t e r i a l i s 
opaque; f o r e n e r g i e s s m a l l e r t h a n Eg, t r a n s p a r e n t . Here the 
work h as been d e v o t e d to t h e i n v e s t i g a t i o n o f the r e g i o n o f 
t r a n s p a r e n c y w h i c h g i v e s us i n f o r m a t i o n about v a r i o u s 
i m p e r f e c t i o n s i n the l a t t i c e _ ( . e . g . i m p u r i t i e s - , - d e f e c t s , 
phonons, c h a r g e c a r r i e r s ) . 
The o p t i c a l a b s o r p t i o n edge i s c h a r a c t e r i z e d by an 
e x p o n e n t i a l ( o r U r b a c h ) b e h a v i o u r of t he a b s o r p t i o n c o n s t a n t 
w i t h photon e n e r g y . An Urbach ( 1 9 5 3 ) a b s o r p t i o n edge obeys 
t h e r e l a t i o n 
E = K Q exp ( Q " Chw - 3 g ) / k T ) , 4.5 
t h e v a l u e of tf1 i n t h e above e m p i r i c a l r e l a t i o n a p p r o p r i a t e 
f o r Urbach edges i s o b s e r v e d t o be n e a r l y a l w a y s c l o s e t o 
0.5 c o r r e s p o n d i n g t o a r a t e of f a l l o f f i n K a t room tempera 
t u r e by about a f a c t o r o f 10 p e r 0.1 ev. ( s e e Da v i e s and 
Shaw (1970), F i g . l 6 ) . 
The Urbach e f f e c t i s o b s e r v e d i n many c r y s t a l l i n e 
s o l i d s n o t a b l y the A l k a l i I T a l i d e s . A unique e x p l a n a t i o n f o r 
the e f f e c t h a s not y e t b e en f o u n d . However, s e v e r a l e x p l a n a 
t i o n s have been o f f e r e d f o r the Urbach edge: H o p f i e l d (1968) 
Toyazawa (\96k), Mahr (1963) s u g g e s t t h a t i t i s the low 
e n e r g y s i d e o f a t e m p e r a t u r e broadened e x c i t o n l i n e . 
R e d f i e l d (1965) p r o p o s e s an e l e c t r i c f i e l d b r o a d e n i n g of the 
a b s o r p t i o n edge. I n the absence of e x c i t o n f o r m a t i o n t h i s 
i s t h e F r a n z - K e l d y s h e f f e c t . D e x t e r (1967) c o n s i d e r s ' a 
q u a d r a t i c s t a r k e f f e c t , t h e e l e c t r i c f i e l d a r i s i n g from and 
hence v a r y i n g w i t h the l a t t i c e v i b r a t i o n s * Davydoy ( 1 9 6 8 ) 
p r o p o s e s e x c i t a t i o n from v i b r a t i o n a l s u b l e v e l s of t h e 
l a t t i c e t o a c c o u n t f o r t h e e x p o n e n t i a l edge and i t s change 
o f s l o p e . w i t h t e m p e r a t u r e . Dow and R e d f i e l d (1970) have 
s o l v e d the problem o f a b s o r p t i o n w i t h e x c i t o n f o r m a t i o n i n 
t h e p r e s e n c e o f an e l e c t r i c f i e l d and propose t h a t the 
U r b a c h e f f e c t a r i s e s from an e l e c t r o n f i e l d b r o a d e n i n g of 
an e x c i t o n . 
L\..2 .U O p t i c a l c o n s t a n t s 
O p t i c a l measurements do not d e t e r m i n e t h e m a t e r i a l 
c o n s t a n t s and £* d i r e c t l y , b u t d e t e r m i n e r e l a t e d 
q u a n t i t i e s , t h e so c a l l e d o p t i c a l c o n s t a n t s : the r e f r a c t i v e 
i n d e x n, and the a t t e n u a t i o n i n d e x k. They a r e r e a l and 
p o s i t i v e numbers. 
F o r o p t i c a l l y i s o t r o p i c m a t e r i a l s , s u c h a s c u b i c YSZ, 
t h e o p t i c a l c o n s t a n t s d e s c r i b e an e l e c t r o m a g n e t i c p l a n e wave 
i n t h e medium. T h i s can he c o n s i d e r e d as f o l l o w s 
E ( t , x ) ^ E Q exp iw ( t - x ( n - i k ) / c ~ j 4 ,6 
where the e l e c t r i c v e c t o r E l i e s i n the y s - p l a n e , the 
r e f r a c t i v e i n d e x n g i v e s the phase s h i f t of t he wave, the 
a t t e n u a t i o n i n d e x k g i v e s the a t t e n u a t i o n of the wave. 
I n s t e a d of n and k we may use the complex r e f r a c t i v e 
i n d e x 
N = n + i k 4 .7 
The f u n c t i o n s n(v/) and k(w) c a n he c o n n e c t e d "by a d i s p e r s i o n 
r e l a t i o n ( c a l l e d sometimes a f t e r t h e i r d i s c o v e r e r s Kramers -
K r o n i g r e l a t i o n s ) and v a r i o u s u s e f u l m o d i f i c a t i o n s a r e d i s -
c u s s e d "by Moss ( 1 9 5 9 ) = 
I n p r a c t i c e , the a b s o r p t i o n c o e f f i c i e n t K(cm ) i s 
u s e d i n s t e a d "of" the a t t e n u a t i o n i n d e x k 
K = ^ k 4 . 3 
i f t h e wave e q u . ( 4 . 6 ) i s s u b s t i t u t e d i n t o the Maxwell 
e q u a t i o n s 
M2 = (w) 4.9 
i s o b t a i n e d from which, r e a l and i m a g i n a r y p a r t s of the 
d i e l e c t r i c c o n s t a n t i s found t o be r e s p e c t i v e l y 
£ " = 2nk 4.10 
2 2 
E' = TT - Is: 4.11 
Normal _ i nc i.den ce _r e f le_c t i v i t y 
I n t h e c a s e of n o r m a l i n c i d e n c e , the complex v e c t o r s 
of the r e f l e c t e d and i n c i d e n t waves i :; , ::; . a r e c o n n e c t e d 
— o r ~o .L 
by the r e l a t i o n 
whe r e 
The r a t i o of t h e i n t e n s i t i e s of the waves a r e measured i n 
the e x p e r i m e n t s . 'Ne o b t a i n 
R(w) = r ( w ) 2 U r l ) 2 + = ? 
( n + 1 f + lc 
where r ( w ) can "be e x p r e s s e d as complex number 
r ( w ) = R ( w ) * exp £ilp(v/)J 4.15 
R(w) i s the r e f l e c t i o n c o n s t a n t . The phase a n g l e y?(w) i s 
g i v e n by the r e l a t i o n 
t a n \p == 2 g i4-.16 
n + lc - 1 
.W-hich i s c o n n e c t e d _w_i.th the a m p l i t u d e R(\V) by a d i s p e r s i o n 
r e l a t i o n w h i c h was f i r s t o b t a i n e d by J a h o d a (1957) 
y>(»> - - = 8 ^ 4 * <».17 e _ w J 
Thus the phase a n g l e y>(w) can be c a l c u l a t e d i f the f u n c t i o n 
R(w) i s measured o v e r the e n t i r e s p e c t r a l r e g i o n and n and 
k can. t h e n be .ob.ta.ined from equ..(A..1.&) and equ.(4.1 h). 
Normal i n c i d e n c e t r a n s m i s s i o n 
When the c r y s t a l i s t r a n s p a r e n t i n o r d e r t o o b t a i n the 
o p t i c a l c o n s t a n t s two . q u a n t i t i e s s u c h as the r e f l e c t a n c e and 
t r a n s m i t t a n c e of the same c r y s t a l s l i c e (RT-raethod) or the 
t r a n s m i t t a n . e e of the sample f o r tvfo d i f f e r e n t t h i c k n e s s e s 
(TT-method) a r e measured a t e a c h w a v e l e n g t h . 
The complete f o r m u l a e f o r the t r a n s m i t t e d and r e f l e c t e d 
i n t e n s i t i e s 1^ and I r r e s p e c t i v e l y f o r i n c i d e n t i n t e n s i t y 
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I = 1 a r e g i v e n 'by S t r a t t o n (19/.|.1) 
I J ~ iZ "„ „~Kd\2 " , r i "-Kcl " T J ? o 
= T '-i-.l 8 
I o (1 - R e " K d ) 2 + kR e " K d s i r / " ( ty^ex) 
w h e r e E i s the a b s o r p t i o n c o e f f i c i e n t . ; d i s t h e l a y e r t h i c k -
n e s s , R i ? the c o e f f i c i e n t o f s u r f a c e r e f l e c t i o n ; T and D a r e 
the t r a n s m i s s i o n and r e f l e c t i o n c o e f f i c i e n t o f the e n t i r e 
l a y e r . 
I f no i n t e r f e r e n c e f r i n g e s a r e o b s e r v e d b e c a u s e of f o r 
example s u r f a c e r o u g h n e s s , the- e q u . ( i i . 1 8 ) and e q u . ( 2 + . 1 9 ) 
t a k e t h e f o r m o f ; 
I t (1 - R ) 2 e ~ K d (1 ,. ^ ) 
I Q = n = 'j? 4.20 
*o = 1 - R V 2 M 
T h e s e e q u a t i o n s show t h a t n and K c a n be f o u n d f r o m T and D . 
2 ? 
F o r most t r a n s m i s s i o n e x p e r i m e n t s k « n « I * d i s f u r t h e r 
c h o s e n to e n s u r e t h a t R - e ~ ' « 1 , e q u . ('4 .20) t a k e s - t h e 
e x t r e m e l y s i m p l e f o r m o f 
,v2 - K d 
T . = ( 1 - R ) " e*~iVU k .22 
Hence K c a n be found s i m p l y f r o m the t r a n s m i s s i o n of two 
s a m p l e s o f d i f f e r e n t t h i c k n e s s w i t h o u t knowing the s u r f a c e 
r e f l e c t i o n of the s a m p l e , p r o v i d e d t h e r e f l e c t i v i t y o f b o t h 
s a m p l e s i s t h e s a m e . 
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Y,Te h a v e a p p l i e d t h i s ( T T - m e t h o d ) t o our as grown b o t h 
8 and i2 mole % YSZ and c u r r e n t b l a c k e n e d s a m p l e s as t h e y 
w i l l be s e e n i n C h a p t e r 6. 
R T - m e t h o d 
T h i s method d i f f e r s f rom the T T - m e t h o d i n t h a t T , R 
a r e d i r e c t l y measured q u a n t i t i e s . 
The i n i t i a l f o r m u l a e a r e e q u . ( U . 2 0 ) and equ. ( ! | . .2 l ) the 
s h o r t c o m i n g o f t h i s method compared w i t h the T T - m e t h o d i s t h e 
n e e d f o r p r e p a r i n g a s a m p l e t h i c k enough w i t h one p o l i s h e d 
s u r f a c e . O n l y t h e n c a n one d e t e r m i n e R b y e l i m i n a t i n g 
r e f l e c t i o n f r o m t h e o p p o s i t e f a c e , i n t h i s s p e c i a l c a s e D 
becomes e q u a l t o R . A b s o r p t i o n c o e f f i c i e n t , K , i s o b t a i n e d 
f r o m e q u . ( i + . 2 0 ) . 
K = I L n 2TR 2 U.23 
d - (1 - R)2 
c a l c u l a t i n g k f r o m eq.u.(2.|..23) and e q u . ( i j . . 8 ) we d e t e r m i n e t h e 
r e f r a c t i v e i n d e x f r o m 
w h i c h was d e r i v e d f r o m equ.(Aj. .- | h). T h i s method was a p p l i e d 
t o c u r r e n t b l a c k e n e d s a m p l e s a t room t e m p e r a t u r e , s e e C h a p t e r 
6, s e c t i o n ( 6 . 5 . 1 . 2 ) . , - - -
CHAPTER 5 
EXPERIMENTAL TECHNIQUES AM) SAMPLE PREPARATION 
90. 
CHAPTER 5 
SAMPLE PREPARATION AND E X P E R T MENTAL TECHNIQUES FOR 
• O P T I C A L SPECTROSCOPY 
5.1 I n t r o d u c t i o n 
I n t h i s c h a p t e r we a r e c o n c e r n e d w i t h t h e i n s t r u m e n t a t i o n , 
t e c h n i q u e s and s a m p l e p r e p a r a t i o n f o r t h e measurement o f 
o p t i c a l a b s o r p t i o n c o e f f i c i e n t , r e f l e c t i o n c o e f f i c i e n t and 
r e f r a c t i v e i n d e x o f t h e as grown and "blackened 8 arid 12 mole 
% Y3Z. The e l e c t r o n p r o b e m i c r o a n a l y s i s r e s u l t s a r e a l s o 
i n c l u d e d as p a r t o f t h e s e a r c h f o r i n f o r m a t i o n on the 
c h a r a c t e r o f the b l a c k e n e d c r y s t a l s . 
5.2 SAMPLE PREPARATION 
5.2.1 P o l i s h i n g p r o c e d u r e 
5-.2.1.1. P o l i s h - i n g p-i'oeedure f o r the - a s - g r o w n s a m p l e s 
The o r d e r o f the a b s o r p t i o n c o e f f i c i e n t , K , may be 
e s t i m a t e d u s i n g t h e a p p r o x i m a t e c r i t e r i a o f K . d T a u c 
(1966). F o r t h e s i n g l e c r y s t a l K i s about 10^ c m - 1 , ( t h i s 
6 -1 
v a l u e may i n c r e a s e up t o 10 cm f o r t h e t h i n f i l m s o f t h e 
m a t e r i a l ) s o t h e s a m p l e t h i c k n e s s a r o u n d or l e s s t h a n 100 
m i c r o n s c a n be c h o s e n as a r e a s o n a b l e v a l u e . 
S u c c e s s i v e a b r a s i v e s w e r e u s e d f o r - s u r f a c e p o l i s h i n g , - " 
f i n i s h i n g Y / i t h 1/U m i c r o n d i a m o n d . A L o g i t e c h l a p p i n g 
m a c h i n e was u s e d . The p a r a l l e l i s m o f o p p o s i t e f a c e s o f t h e 
c r y s t a l s l i c e was good, g i v i n g a wedge a n g l e o f l e s s t h a n 
0.05 d e g r e e s . U s i n g O l s e n ' s d a t a (01 s e n ( l?6i+) , f i g . 8 ) and 
k n o w i n g t h a t the r e f r a c t i v e i n d e x was 2.18, t h e e r r o r i n 
t h e t r a n s m i s s i o n s p e c t r a was e s t i m a t e d as 1 £ . 
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D u r i n g the f i r s t e x p e r i m e n t s on c u r r e n t p a s s a g e , u s i n g 
s a m p l e s at)out 100 m i c r o n t h i c k , "both p o l i s h e d f a c e s w e r e 
u s e d f o r a p p l y i n g p l a t i n u m p a s t e c o n t a c t s ; t h e e x p e r i m e n t s 
a l w a y s f a i l e d , due t o c r a c k i n g n e a r t h e c a t h o d e e n d , w h a t e v e r 
t h e c u r r e n t d e n s i t y . L a t e r 1 x k x 8 (mra)^ s a m p l e s ( i n w h i c h 
t h e t h i c k n e s s was i n c r e a s e d ) were p r e p a r e d f rom u n o r i e n t e d 
s i n g l e c r y s t a l p i e c e and c u r r e n t b l a c k e n e d f o l l o w i n g e x a c t l y 
t h e same p r o c e d u r e as e x p l a i n e d i n C h a p t e r 2 , s e c t i o n ( 2 . 2 , 3 ) . 
2 
F o r c u r r e n t d e n s i t i e s o f 2 0 , 60 and 80 mA/cm" no b l a c k e n i n g 
was o b s e r v e d i n the c a t h o d e r e g i o n . F u r t h e r i n v e s t i g a t i o n 
2 
showed t h a t a c u r r e n t d e n s i t y o f 0.1 A / c m seemed t h e l o v / e s t 
v a l u e ( w i t h 2 . 5 v o l t s p o t e n t i a l d i f f e r e n c e a p p l i e d a c r o s s 
t h e 8 mm l o n g s a m p l e ) f o r b l a c k e n i n g due t o d . c . c u r r e n t 
p a s s a g e . _ 
F o r t r a n s m i s s i o n e x p e r i m e n t s s a m p l e s w e r e p r e p a r e d w i t h 
2 2 2 
c u r r e n t d e n s i t i e s o f 0.1 A / c m , 1 A / c m and 5 A / c m . The 
l a s t v a l u e ( i . e . 5 A / c m ) a l s o seemed the h i g h e s t a p p l i c a b l e 
c u r r e n t d e n s i t y s t i l l y i e l d i n g u n c r a c k e d s a m p l e s . The 
b l a c k e n e d s a m p l e s w e r e l a t e r p o l i s h e d , f o l l o w i n g t h e p r o c e d u r e 
e x p l a i n e d f o r t h e as grown ones* When t h e f r i a b l e c h a r a c t e r 
o f t h e m a t e r i a l a f t e r c u r r e n t p a s s a g e i s b o r n e i n m i n d , 
l i m i t a t i o n s due t o the d i f f i c u l t y o f p r e p a r i n g t h i n s a m p l e s 
( e s p e c i a l l y f o r t h e s e c o n d t h i c k n e s s measurement s on t h e 
same s a m p l e ) may be a p p r e c i a t e d . 
5 . 2 . 2 Sample q u a l i t y e x a m i n a t i o n 
The p o l i s h e d c r y s t a l s l i c e s u s e d f o r the t r a n s m i s s i o n 
e x p e r i m e n t s were e x a m i n e d u n d e r a n o r d i n a r y m i c r o s c o p e 
( m a g n i f i c a t i o n x 1 0 0 ) and no p u l l out or s c r a t c h e s h a v e h e e n 
o b s e r v e d . The p o l a r i z i n g m i c r o s c o p e v / i t h c r o s s e d p o l a r o i d s 
was u s e d to e x a m i n e p o s s i b l e d e p a r t u r e s f r o m i a o t r o p y , b y 
r o t a t i n g t h e s t a g e o f t h e m i c r o s c o p e . I n a s grown c r y s t a l s 
no a n i P . o t r o p y was o b s e r v e d . S i m i l a r e x p e r i m e n t s c o u l d not 
be made f o r the c u r r e n t t r e a t e d s a m p l e s , b e c a u s e t h e y w e r e 
not t r a n s p a r e n t t o t h e v i s i b l e l i g h t . 
The two L a u e - B a c k r e f l e c t i o n p h o t o g r a p h s t a k e n on t h e 
same s u r f a c e o f the s a m p l e 1.A15d ( 3 m / o Y 3 Z ) w h i c h h a d 
b l a c k e n e d ( c a t h o d e ) and u n b l a c k e n e d ( a n o d e ) r e g i o n s i n d i c a t e 
t h a t no m a j o r change i s o b s e r v e d on t h e p e r f e c t i o n o f t h e 
s a m p l e . 
5 . 2 . 3 E l e c t r o n p r o b e m i c r o a n a l y s i s 
V / i t h t h e G-eosean e l e c t r o n p r o b e m i c r o a n a l y s e r made b y -
C a m b r i d g e I n s t r u m e n t Company t h e f o l l o w i n g a s grown ana 
c u r r e n t b l a c k e n e d "samples were a n a l y s e d b y D r . A. P e c h e t t , 
U n i v e r s i t y o f Durham,- D e p a r t m e n t of G e o l o g y . The c o n d i t i o n s 
u s e d w e r e . 
a n a l y s i s a t : 15 kV 
s t a n d a r d s : p u r e Y and Z r , o x y g e n s t o i c h i o r n e t r 
c o r r e c t e d f o r : dead t i m e , mass a b s o r p t i o n , 
f l u o r e s c e n c e , a t o m i c number . 
• ~ 
The c u r r e n t p a s s a g e p r o c e d u r e was a p p l i e d as e x p l a i n e d 
i n C h a p t e r 2 . T h e n t h e s a m p l e s were g r o u n d down, p o l i s h e d 
t o a 1 m i c r o n f i n i s h , s t u c k on a g l a s s m i c r o s c o p e s l i d e w i t h 
' L a k e s i d e 7 0 ' cement and c o a t e d w i t h c a r b o n . 
The a n a l y s i s r e s u l t s a r e g i v e n b e l o w . 
9 3 . 
1 • Sample 1A15e , an grown 6 m / g YSZ 
Zr(%) Y{%) Z r 0 2 ( w / o ) Y P 0 , ( 7 o ) 
Edge 63.2<to. 11.1|.68 85.1+98 Hl- ,563 
C e n t r e 63 .QUO 11 . 7 6 6 85 .1 5k 1 k. 9*4-2 
C e n t r e 6 2 . 9 7 6 11.1+27 8 5 . O 6 8 Hi-.511 
:dge 6 3 . 0 2 8 1 1 . 7 3 5 3 5 . 1 3 8 1)4.902 T.' 
R e s u l t : The d i f f e r e n c e s b e t w e e n t h e v a r i o u s p o i n t 
a n a l y s e s a r e n o t s i g n i f i c a n t and may be 
a t t r i b u t e d t o e x p e r i m e n t a l e r r o r . 
2 • Sample 1A11+, 8 m / o Y S Z , c u r r e n t b l a c k e n e d , 5, A / c m 2 
W J \ , R ~ , W , Z r ( % ) Y{%) Z r 0 2 ( 7 o ) Y ^ C / o ) 
Anode end 
( y e l l o w ) 63 .011 11.14-79 8 5 . 1 1 6 H4-.577 
J u n c t i o n ( b r o w n ) 63.751+ 11 . 3 7 6 8 6 . 1 1 9 ^k.kh6 
C a t h o d e end 
( b l a c k ) 6I4..318 1 1 . 0 1 3 8 6 . 8 8 0 1 3 . 9 8 5 
R e s u l t : T h e r e i s a s l i g h t s u g g e s t i o n t h a t t h e r e i s a 
g r a d i e n t i n c o m p o s i t i o n a c r o s s the s p e c i m e n , 
b u t t h e e r r o r i n e x p e r i m e n t a l method may be 
m i s l e a d i n g . 
3 . Sample 2A22d , 12 m / ° Y S Z » c u r r e n t b l a c k e n e d , . 1 , A / c m 2 
The a n a l y s i s o f t h i s s a m p l e showed 1 9 . 0 0 N / o y t t r i a 
c o n t e n t and was a l s o u n i f o r m a c r o s s t h e u n b l a c k e n e d and 
b l a c k e n e d p a r t s . - . - - — 
I n t h e s e e x p e r i m e n t s t h e e s t i m a t e d x j r e c i s i o n was b e t t e r t h a n 
2 % r e l a t i v e , e . g . Z r = 6 3 . Ok ± 1 .1 6 %. 
As a c o n c l u s i o n , i t may be s a i d t h a t , f o r b o t h 8 and 12 
mole % c u r r e n t b l a c k e n e d Y S Z s a m p l e s , no n o t i c e a b l e change 
was o b s e r v e d i n the amounts o f the Z r and Y compared w i t h 
as grown c r y s t a l s . T h i s r e s u l t seems c o n s i s t e n t w i t h t h e 
a l m o s t n o n - o b s e r v a b l e c a t i o n c o n d u c t i o n ( 1 0 ^ t i m e s l e s s t h a n 
o x y g e n ) for* c a l . c i a s t a b i l i z e d z i r c o n i a . 
9 4 . 
5 . 3 EXPERIMENTAL TECHNIQUES 
5 . 3 . 1 The a p c c t r o p h o t ometerg 
S e v e r a l d i f f e r e n t s p e c t o p h o t o m e t e r s w e r e u s e d f o r 
t r a n s m i s s i o n measurements d e p e n d i n g on t h e s p e c t r a l r a n g e 
c h o s e n . The o t h e r i n s t r u m e n t s u s e d f o r r e f l e c t i v i t y and 
r e f r a c t i v e i n d e x measurement s a r e a l s o d e s c r i b e d b e l o w . 
1 • O p t i c a C F 4 - P R 
Most o f the t r a n s m i s s i o n measurements w e r e made b y 
u s i n g t h i s i n s t r u m e n t i n the r a n g e of . 2 5 t o 2 , 5 m i c r o n s . 
T h e i n s t r u m e n t i s a d o u b l e beam, g r a t i n g , s p e c t r o p h o t o -
m e t e r w i t h a c h a r t p e n r e c o r d e r . Two k i n d s o f l a m p s ; 
D e u t e r i u m (.1 8 5 - . 3 6 0 m i c r o n s ) a n d t u n g s t e n ( . 3 6 0 - 3 m i c r o n s ) 
a r e i n c o r p o r a t e d w i t h t h e two p h c t o m u l t i p l i e r s f o r the r a n g e s 
o f . 2 - . 7 m i c r o n s a n d . 7 - 3 m i c r o n s r e s p e c t i v e l y . F o r the 
p r i n c i p l e s o f o p e r a t i o n and more d e t a i l s , the r e a d e r i s 
r e f e r r e d to t h e m a n u a l s . 
2 . ' M o d e l 4 5 7 ( P e r k i n - E l m e r ) 
T h i s s p e c t r o p h o t o m e t e r was u s e d f o r t h e t r a n a m i s s i o n 
measurements i n t h e r a n g e o f 2 . 5 - 4 0 m i c r o n s . T h i s i n s t r u m e n t 
was f a v o u r e d t o t h e S p e c t r o m a s t e r p a r t l y b e c a u s e o f the 
l a r g e r a n g e o f w a v e l e n g t h s c a n n e d and r j a r t l y b e c a u s e o f 
h a v i n g a b e t t e r r e s o l u t i o n ( 4 cm a t 3 0 0 0 cm ) . 
1 
-5. H l l g e r and V / a t t s 
T h i s monochromator Was u s e d f o r r e f l e c t i v i t y and 
r e f r a c t i v e i n d e x m e a s u r e m e n t s i n the r a n g e o f v i s i b l e 
w a v e l e n g t h s . 
4 • Kpnochrqm _(j^uTJ]?. -Par3o; ig) 
T h i s monochrcm&tor , t y p e Pri 2 , tTo .3 was u s e d f o r t h e 
r e f l e c t i v i t y measurement s i n c o n j u n c t i o n w i t h a g l a s s p r i s m 
and q u a r t a i o d e n e lamp i n t h e r a n g e o f . 6 - 2 . 5 m i c r o n s . 
OK J J • 
5 . 3 • ' - K x p e r i m e n t a 1 p e r for inanee and a a t a Jvyi'A 1 in/-; 
5 . 3 • • 1 T r a n s mi s s i on me as ur ej;ien t s 
Measurements of the s p e c t r a l d i s t r i b u t i o n o f the t r a n s -
m i s s i o n o f 8 and 1.2 mole % YSZ as grown and d . c . b l a c k e n e d 
s a m p l e s have b e e n made a t room t e m p e r a t u r e and t e m p e r a t u r e s 
c l o s e to t h a t o f t h e l i q u i d n i t r o g e n . The w a v e l e n g t h r a n g e 
c o v e r e d i n t h e measurements was f r o m . 2 5 t o 2 . 5 m i c r o n s . 
The measurements w e r e made u s i n g a n O p t i c a GFJ+ -DR 
c o n t i n u o u s l y r e c o r d i n g s p e c t r o p h o t o m e t e r - . To use s m a l l 
c r y s t a l s f o r t r a n s m i s s i o n m e a s u r e m e n t s , some k i n d o f s a m p l e 
h o l d e r was n e c e s s a r y . I t was c o v e r e d w i t h a matt b l a c k 
s t i c k i n g t a p e t o m i n i m i z e unwanted r e f l e c t i o n s . 
The p r o c e d u r e s f o l l o w e d , c o v e r i n g s e v e r a l l a m p , d e t e c t o r 
and f i l t e r c h a n g e - o v e r p o i n t s , a r e g i v e n b e l o w : 
Lamps a r e a l i g n e d 
0 and 1 0 0 % s e t s a t . 3 5 0 m i c r o n s 
Red f i l t e r i n , p h o t o m u l t i p l i e r changed a t . 6 1 0 
m i c r o n s and 0 and 1 0 0 % s e t s made 
G r a t i n g c h a n g e d , new 0 and 1 0 0 % s e t s w i t h r e d 
f i l t e r • a t 1 m i c r o n 
G r e e n f i l t e r i n a t 1 . 2 m i c r o n 
Y e l l o w f i l t e r i n a t 1 . 8 m i c r o n 
- i 
End a t 2 . 5 m i c r o n 
Low t e m p e r a t u r e e x p e r i m e n t s 
F o r low t e m p e r a t u r e e x p e r i m e n t s , t h e c r y s t a l s l i c e s 
w e r e f i x e d v / i t h s i l i c o n e compound to t h e ' c o p p e r f i n g e r 1 
w h i c h formed t h e bo t tom o f the l i q u i d n i t r o g e n r e s e r v o i r of 
t h e c r y o s t a t , w h i c h had s i l i c a w i n d o w s . I t wa3 h e l d under 
e v a c u a t i o n c o n t i n u o u s l y d u r i n g t h e e x p e r i m e n t and one 
f i l l i n g w i t h n i t r o g e n l a s t e d i\.0 m i n u t e s . T h s t e m p e r a t u r e 
96. 
was iiica-ureill '.. .i. «h u C0;)p'-- ''--non.', [.cli t h c r ; ,c;<.:oupli; Cached 
t o the c o p p e r ' / v / i ^ e r ' o l c . f j t o L satir^.'-:. T.Ysi'imlly the 
te!7iper:-u.urc run.\:*.-\ a r o u i r i "-7 ° K , 
5 . 3 . 2 . 1 .1 )}crjjv;M;_ion__ol]_ J : ^ . j ^ o O J : ' i ,i .Qi: cot: ft'.: • 'J l i t ' . ' . ! th 
T h i s was a p o l i c d t o as tfro.vn an..'l c u r r e n t " b l a c j ' O d 
s a m p l e s i n the r:u:gc o f . 2 5 - 2 . 5 m i c r o n s . 
.-.'ithout kno./in;.; the r e f l e c t i o n c o e f f ic i ie - . i l , , t h e J O L I . 
( I J . , 2 2 ) i s used f o r t h i s . m r p o s e . The t r a n s m i s s i o n s ".-era 
r e c o r d e d f o r two d i f f e r e n t t h i c k n e s s e s o f t h e same c r y s t a l 
and &2 w h i c h w e r e m e a s u r e d w i t h a d i a l ; /auge. 
I n o r d e r t o make t h e c a l c u l a t i o n s t o o b t a i n a b s o r p t i o n 
c o e f f i c i e n t , K , a computer programme was w r i t t e n u s i n g 
F o r t r a n - U', one o f t h e v e r s i o n s i s shown i n T a b l e ( 5 . 1 ) . 
The b u l k o f the d a t a i n p u t i s p a i r s o f numbers c o r r e s p o n d i n g 
to the s a m p l e t r a n s m i s s i o n a t e a c h w a v e l e n g t h , the r e a d i n g 
i n t e r v a l was s o c h o s e n w i t h t h e a b s o r p t i o n i n mind t h a t t h e 
l o n g e s t w a v e l e n g t h p o i n t s a r e s e p a r a t e d b y 1 0 0 A ° , the 
s h o r t e r ones by 5 0 A 0 and the s h o r t e s t b y 2 0 A 0 . The o u t p u t 
c o n s i s t s o f a row f o r e a c h p o i n t w i t h co lumns c o n t a i n i n g t h e 
- 1 
w a v e l e n g t h , e n e r g y i n e v , a b s o r p t i o n c o n s t a n t , K, i n cm 
and s e v e r a l p o w e r s of K i n o r d e r t o f i n d out t h e t y p e o f 
b a n d - t o - b a n d t r a n s i t i o n . 
5 . 3 . 2 . 1 . 2 D e r i v a t i o n of the a b s o r p t i o n c o e f f i c i e n t \jith 
R e f 1 c c t . i v i t y - ^ i y o n s L i i o s i o n ::ietiiod_ _(R ri\-r,e tboj. J 
T h i s method was a p p l i e d o r . l y t o the c u r r e n t bli- .cVaried 
s a m p l e examined a t room te ; : iparoture i n tho rr.'-'^c o f , o - 2 . 5 
m i c r o n s . J\xtr:v the s u r f a c e r e f l e c t i o n c o e f f i c i e n t .\~ v a .-• 
m e a s u r e d on the one p o L i s h e d i->ur J ' U C : o f the 2 J:TI t h i c k 
s a m p l e (usHin.^  the method Mentioned i n s e c t s m- ( 5 „ 3 . ? . ) ) . 
T A B L E ( 5 . 1 ) 
D I M E N S } OKI i ( g 0 ) , E C 9 0 ) , A K ( 0 0 ) , A >U 2 ( 9 0 ) , E A K 3 2 ( 9 0 ) , EA K2 ( 9 0 ) 
D I M E N S I O N T l i i l O ) , T Z O O ) 
WR I 7 E 6 , 2 0 ) 
W R i 7 K ( G , 2 1 ' i 
Wlil TE( 6, 22) 
20 F O R M A T ( 1 5 H X T A L S C O M P A R E D : ) 
21 F O R M A T ( 1 5 H T E N P E R A T U R E : ) 
2 2 F O R M A T ( 1 5 H D A T E : ) ' 
W R 1 T E C 6 . 1 3 ) 
13 F 0 R " A T ( 4 X , OHWA V ( A ) , 5 X , 5 H E ( E V ) , L;. v # 6HA K( C M ) , ? Y-, 8 HAK 3.2 ( CM) 
' 2 , I X , 1 1 H I - : A K 1 2 C E V C M ) / 1 X # . l O H E A K Z ( E V C M ) / ) " '" 
R E A D ( 5 , 3 ) I MAX, (WAV 
I FORMATC Z.I 5 ) 
R E A D ( 5 , 1 ) ( T I M ) , ! = 1 , I MAX ) 
R E A D ( 5 , 1 ) ( T 2 ( ! ) , 1 - 1 , I M A X ) 
1 FORMAT ( 2 0 F ' + . 1 ) 
R E A D ( 5 , t | ) p i , 0 2 
h F 0 R M A T C 2 F 7 . 1 - ) . . . 
0 I F = D 2 - D 1 ' 
W R I T E ( 6 , 7 ) D l , D 2 , D i F 
7 F 0 P . M A T C 3 F 7 . i f - ) 
• I N ( 1 V=1WAV 
E ( l ) = l . 1MI I W ( l ' ) 
E ( 1 > - 1 0 0 0 0 * E ( D 
DO 10 I « l , I MAX 
I W ( l t l ) » l W ( l ) + 2 0 
E C I + 1 ) = 1 . 2 W I W ( I + 1 ) 
E ( l + l ) - - - 1 0 _ O O O i E ( J + l ^ . 
10 C O N T I N U E 
• DO 1 5 1 = 1 , I M A X 
A K ( I ) = A L 0 G ( T 1 ( 1 ) / T 2 ( I ) ) 
A K ( 1 ) = A K ( ! ) / 0 I F 
A K 1 2 C I ) « S Q ? T ( A i < C I ) ) 
• E A K 1 2 C I ) = S ( * R T ( E ( n * A K ( l ) ) 
E A J < 2 ( D = E A K 1 2 ( l ) * * l f . O 
W R I T E ( 6 , 2 ) | W ( l ) / E ( t ) / A K ( l ) , A K 1 ? , ( I ) , EAK12 . ( 0 , E A K 2 ( ! ) 
2 F 0 R M A T ( ! 1 0 , F 1 0 . 5 , F 1 0 . 1 , F 1 0 . 2 , F 1 2 . 1 , F 1 1 . 1 ) 
1 5 C O H T I I I U E 
R E T U R N 
END 
CI 11 
i i". . .: •. i. : • ! - • "• • J . i - J . ; . "i.i.v. l . ' i ' ; : . ii'ij.i-: L 1 00 ci-rio:: ana 
t r \ r . corded i h oa-'e- \:i>\\; l ength f.' j.ljj£:. 
'•" •: ". " ..'•'.•:>i\ c o e . ; ' ; ' ; j r j i, > c-.i leulat'.d . ' r j i i ; cryj . ( 4 . 2 3 ) 
L ' I •'• .• . :\, »jo./iji_i ij]:^ Measured va lues of rcfloch.Lor.', 
c o f - I c I .'ill. j , u!-;.i;ioJ:ii:j j T and the sample t h i c k n e s s d . 
'J.'h-j c r-".p i: to J.' •••ro/jrers-ne w r i t t e n to m.j.ke the c a l c u l a t i o n s 
a-y. . :-o •I'-l-la ( 5 . S ) . 
5 . 3 • 2 , 2 . 1 jo J".' ^  o t j y t y in ? a u r c n s n t f i J . n _the _ne u r l . Y l . r e g i o n 
The i.ionoclix'o.n Grubb P a r s o n s , type PH 2 , K o . 3 monochrorsator 
was U3Cd w i t h the g l a s s prism, and q u a r t z iodene lamp. 
The sample, p o l i s h e d to a 1 / 4 micron f i n i s h , was f i x e d 
w i t h d u r o f i x onto the g l a s s s l i d e ber.ide two p i e c e s of g l a s s 
which had s i l v e r evaporated on them. Care v/as taken to 
' s n s u r s the p a r a l l e l i s m of the t h r e e p i e c e s "by observ ing the 
continuous r e f l e c t i o n of an o b j e c t from the three s u r f a c e s . 
An o r d i n a r y lamp i s used, chopped w i t h 1 0 c / s chopper. 
The l i g h t i s de tec ted w i t h a photo diode i n order to have a 
r e f e r e n c e s i g n a l f o r the phase s e n s i t i v e d e t e c t i n g sys tem. 
Another l i g h t bea'.7i, which i s a l s o chopped w i t h 1 0 c / s chopper, 
comes f r o n q u a r t s iodene la-.ro source which r e q u i r e d a c u r r e n t 
of about 6 ampere. 
The r e c t a n g u l a r area of the monochromatized beam i s so 
a d j u s t e d t ! r ; t , u s ing a l e v e r , the b;.r.v. i:j a l l owed to r e f l e c t 
once £rc i the .'ianplc ar;J thou from a i l v e r , accepted as a 
s t a n d a r d . R e f l e c t i o n s are read as m i l l i v o l t s from the s t a n -
dard ar . i sai.io.V: re -roect i . •-•ly, f o r eaun waveloi: -:i.h. i n order 
to c u l i b r r i t e i'->... r:.flecL-.i a l i_ .ht boar.: of tn:; ua^'i a r e a 
was iv". f leet 's J I'yc::. the ^ •:.:<:•/.}. o and .-rtundard at a wavelength 
9 9 . 
T A B L E ( 5 . 2 ) 
rt 
1 C A CGMI'bTilR PROGRAM I.'! ORDER TO C A L C U L A T E 
2 C T H E A B S O R P T I O N CONSTANT AND THE P. ill-1. ACT I VE I N D E X 
3 C U S I N G R T - i . E T I i O R 
4 U I i'.EHS I 01; 1. ( 1 0 0 } , E ( 100 ) , R ( 1 0 0 5 , 1 ( 1 0 0 ) , A K ( 1 0 0 ) , 
5 l A i ; i 2 ( 1 0 B ) , A l i ( l U 0 ) , i i l ( l U U ) , E 2 ( 1 0 n ) , 
6 2 R 1 ( 1 G 0 ) , U ( ] . 0 0 ) , V ( I C ( . i ) , v l ( 1 0 0 ) , V 2 ( 1 0 u ) , 
/ 3 T K 1 0 0 ) , Z l < 1 0 0 ) , ^ 2 ( 1 0 0 ) , Z 3 ( 1 0 0 ) , Y ( 1 0 0 ) , 
I 'iI£XC 1 0 0 ) , E « 2 ( 1 U G ) , 1 : 3 ( 1 0 0 ) , KM ( 1 0 0 ) , R 5 ( 1 0 0 ) , 
0 5 R G ( i G G ) , A N 2 ( 1 0 0 ) , i ; 2 ( 3.00 ) , E X 1 ( 1 0 0 ) 
10 WR I T E ( G , 4 0 ) 
11 W R I T E ( 0 , 4 1 ) 
12 W R I T E ( 6 , 4 2 ) 
13 W R i T E ( G , 4 3 ) 
14 W R I T E ( 0 , 4 4 ) 
113 40 l - ' U R i i A T U l i X T A L : ) 
16' 41 F O I i H A T d l l i C . D E N S I T Y : ) 
17 4* 1-tiIu-iATC H i : Til I C R R E S S : ) 
1 b 43 F O R I ; A T ( u l i DATE : ) 
19 44 FORMAT( Li! T E i \ P : R T ) 
20 H K l T E d i , 3 0 ) 
21 30 F O R R A T ( 5 X , l ! i \ l , 5 X , H I E , 5 / . , l i l R , 5 X , 1 K T , 4 X , 2 ! !AK, 
22 1 2 X , 4 I ! A K I 2 , 4 X , 2 H A N , G X , 2 H E 1 , 5 X , 2 I ! E 2 ) 
23 R E A D ( 5 , 1 ) j l iAX 
24 REAL) ( 5 , 2 ) (I ; ( I ) , I = 1 , I i-iAX) 
25 R E A D ( 5 , 2 ) ( R( I ) , I =1 , I MAX ) 
26 R - E A D ( 5 , 2 ) ( T ( I ) , J. =-1-,_UMAX ) 
27 H E A D ( 5 , 5 ) D 
2 i 5 FORI , A T ( F 6 . 4 ) 
29 1 FORI '.AT ( 1 3 ) 
30 2 F C R i i A T ( 1 0 : - 5 . 3 ) 
31 D l = 1 . 0 / L ; 
32 DO 11 I ==1, l i .AX 
33 R l ( I ) = R ( I ) * * 2 
34 U ( I ) = 2 . 0 * T ( I ) * R 1 ( I ) 
313 V ( I ) = 1 . 0 - K ( I ) 
36 V l ( I ) = V ( 1 ) * * ! 
37 V 2 ( 1 ) = V 1 ( I )*"*2 
3 £ T l ( I ) = T ( I ) * * 2 
39 . /. 1 ( I ) - 4 . 0 * T 1 ( I ) * R 1 ( 1 ) 
4U L.2 ( I ) ~ S Q R T (V2-{ I •) + (-1 ) ) 
41 /.3 ( I ) =i.2 ( I ) - V I ( I ) 
42 Y ( I ) = A L U C ( L ( I ) / il3 ( 1 ) ) 
43 A K ( I ) = U l * Y ( I ) 
44 A K12 ( I ) = oU!;T ( A K ( I ) ) 
43 
4G 11 CUI4TI i l L E 
47 DO I U 1=1 , I i-iAX 
4 I E ( I ) = 1 . 2 4 / W ( I ) 
49 i : l ( I ) - E ( I ) * A K ( I ) 
51 10 C O N T I N U E 
32 (=1 = 4 . 0 * 3 . 1 4 1 6 
133 G 2 = i . 0 / G l 
5 4 DO 12 I = 1 , ! R A X 
55 E X ( i ) = G 2 * A K ( I )*!•( I ) 
5C LX ( 1 ) -• 0 . 0 0 0 1 - E X ( I ) 
57 E X 2 ( l.)==i.:X( 1 ) * * 2 
5 I 12 CUNT I RUE 
59 DO 13 I = 1 , 1! '.AX 
.GO - 152 C I ) = 4 . 0 * R ( I ) . . 
TABLE ( 5 . 2 ) C o h t d . 
G l . E X K I ) = E X ( 1 ) * * 2 
02- H 3 ( I ) = V i ( 1 ) * ii>; 1 ( 1 ) 
G3 ( I ) = [';2 ( I ) -P.3 ( I ) 
d » K 5 ( ! ) = S Q i ; T ( P A ( l ) ) 
05 R C C I ) = I . 0 + K ( I ) + l .5 ( I ) 
6C AN ( I ) =Ki.i ( I ) / V ( I ) 
G7 AN 2 ( I ) = Afi ( I ) * * 2 
6 b £ 1 ( 1 ) - A N 2 ( I ) - E X 2 ( I ) 
D9 II2 ( I ) = 2 . 0 •••AIJ ( I ) * Li X C f 
7 0 W R I T E ( b , 1 0 0 ) W( I ) , E ( I ) , IK I ) , T ( I ) , A!'( ! ) , A K 1 2 ( 
7 1 I A M ( I ) , E 1 ( 1 ) , E 2 ( 1 ) 
7 2 100 F O K I : A T ( hT- 6 . 3 , F G . 1,1-" G . 2 , F C . 3 , F £. 5 , 17 . i i ) 
7 3 13 C O N T I H U E 
7 it K E T U K I I 
7 5 EiJD 
UF F I L E 
1 01 . 
o f .6- m i c r o n s . 
5 . 3 . 2 . 2 . 2 R e f l c c j4 .v i . tZ ineas^u'cments . . j in .J^c v i s i b l e : r e g i o n 
The a p p a r a t u s u s e d d u r i n g t h e s e measurements was d e s c r i b e d 
b y B u r t o n ( 1 9 6 7 ) . 
.Measurements were made o v e r tiifc w a v e l e n g t h r a n g e o f .390 
to ,61|.0 m i c r o n s . The p o l i s h e d s a m p l e t o be e x a m i n e d was 
l e v e l l e d b y a p r e s s on a m e t a l p l a t e and t r a n s f e r r e d t o a 
s m a l l s t a g e v/hare i t was k e p t i n a f i x e d p o s i t i o n b y s m a l l 
magnets t h r o u g h o u t the m e a s u r e m e n t s . T h i s sample c a r r i e r 
s t a g e was f i t t e d on t h e m i c r o s c o p e s t a g e . 
* 
The b l a c k g l a s s Wo: 31023 s t a n d a r d , c a l i b r a t e d b y 
N a t i o n a l P h y s i c s L a b o r a t o r y was u s e d b e c a u s e o f i t s 
r e f l e c t i v i t y ( a b o u t 1 0 $ ) b e i n g much c l o s e r t h a t o f t o the 
s a m p l e s under i n v e s t i g a t i o n . 
- tp-jjg - r e f l e c t i v i t i e s w e r e m e a s u r e d ~ a s " i n t e n s i t i e s o f 
l i g h t r e f l e c t e d f r o m t h e ' b l a c k b o x , ' s t a n d a r d and the 
s a m p l e r e s p e c t i v e l y b y a p h o t c m u l t i p l i e r i n c o n j u n c t i o n w i t h 
a d i g i t a l v o l t m e t e r . 
A l l measurements w e r e t a k e n i n a i r and a t room t e m p e r a -
t u r e . I n o r d e r t o c o r r e c t f o r ' t h e p r i m a r y g l a r e due t o 
r e f l e c t i o n f r o m the b a c k o f t h e o b j e c t i v e , a ' b l a c k b o x ' 
r e a d i n g was t a k e n e a c h t ime and s u b t r a c ' t e d f r o m t h e m e a s u r e d 
s t a n d a r d and sample r e a d i n g s . A l l r e a d i n g s were t a k e n a s 
maximum and minimum and the r e f l e c t i v i t i e s w e r e c a l c u l a t e d 
u s i n ^ the f o l l o w i n g e q u a t i o n f o r b o t h maximum and minimum 
R = < D s x R s t d > / D s t d 5.1 
where D and D t , + -, a r e t h e d i g i t a l v o l t m e t e r r e a d i n g s a f t e r 
S S Gtl 
t h e s u b t r a c t i o n o f the ' b l a c k b o x ' r e a d i n g . 
The e x p e r i m e n t a l erjjj§jaJffjSg'E' ,eaxj^cted t o be -± 0 . 5 ^ . 
9 0CTW71 
-1 02 . 
5.3 .2 .3 Re f'r a c b 1 ye i nd ox me a;; u I ^ e r i t c 
I n c o n j u n c t i o n w i t h t h e B e l l i i i g h a m & S t a n l e y L t d . 
t a b l e s p e c t r o m e t e r and a H i l g c r & W a t t s monochromator , bhe 
r e f r a c t i v e i n d i c e s wore m e a s u r e d i n t h e v i s i b l e r a n g e , 
a p p l y i n g t h e minimum d e v i a t i o n method . 
v/hen the l i g h t p a s s e s t h r o u g h a p i e c e o f t r a n s p a r e n t 
s o l i d bounded b y two f a c e s m a k i n g a n i n c l u d e d a n g l e , A , 
w i t h one a n o t h e r , t h e l i g h t i s d e v i a t e d t h r o u g h a n a n g l e 
a t w h i c h t h e l i g h t f a l l s on t h e f i r s t f a c e of t h e p r i s m 
formed b y t h e i n c l i n e d f a c e s . V h e n w i t h i n the p r i s m t h e 
l i g h t t r a v e l s i n a d i r e c t i o n e q u a l l y i n c l i n e d t o the two 
f a c e s , t h e d e v i a t i o n i s a minimum and the r e l a t i o n o f A and 
D t o the r e f r a c t i v e i n d e x n i s g i v e n by 
n = S i n ( ( A + D ) / 2 ) / S i n A / 2 5.2 
S i n c e the maximum v a l u e o f S i n 1/2 (A + D ) i s u n i t y t h e r e 
—1 
i s a l i m i t i n g v a l u e o f A e q u a l t o 2 S i n ( l / n ) . 
The p r i s m s o f b o t h 8 and 12 mole % "YBZ were c u t f r o m t h e 
l a r g e s i n g l e a s grown c r y s t a l s * B e c a u s e the c r y s t a l h a d a 
c u b i c s t r u c t u r e and was t h e r e f o r e i s o t r o p i c no s p e c i a l 
a c c o u n t v/as t a k e n o f o r i e n t a t i o n . The a p e x a n g l e A o f the 
p r i s m s was s o c h o s e n t h a t i t s h o u l d be l e s s t h a n 30° a c c o r d -
i n g t o t h e above c r i t e r i a . The p r i s m s w e r e c u t b y a d iamond 
c u t t i n g m a c h i n e and w e r e p o l i s h e d t o a m i c r o n f i n i s h . 
CHAPTER 6 
EXPERIMENTAL RESULTS AKD DISCUSSIONS 
1 Oi.|.. 
CHAPTER 6 
EXTHVRIhiBJTTAL JC33ULTS AiVD DISCUSSIOIS ON THI2 PR0P.7.'RTI•' .2 OP 
AS GHO.VN AHD CUPJ1E1TT BLACKI'IKED YSZ SAMPLES 
6 • 1 _I rri t- god uct 1 on 
T h i s chapter i s concerned wi th the measurements and 
e v a l u a t i o n of the o p t i c a l constant?, of as grown and c u r r e n t 
"blackened YSZ c r y s t a l s , from t h e i r a b s o r p t i o n edge down to 
some lower energy where the phonona are dominat ing . 
The a b s o r p t i o n s p e c t r a were observed i n the wavelength 
r e g i o n of - .25-2.5 m i c r o n s . The TT-method ( f o r as grown 
samples o n l y ) or both T T - and RT-methods ( f o r c u r r e n t 
b lackened samples) were used . One p a r t of t h i s s tudy was 
to determine the energy gap and u l t i m a t e l y to o b t a i n some 
i n f o r m a t i o n on the band s t r u c t u r e . The a p p l i c a b i l i t y of 
t r a n s i t i o n laws based on pure semiconductor c r y s t a l l i n e 
m a t e r i a l to a d i s o r d e r e d YSZ i s d i s c u s s e d . 
F o r t r a n s m i s s i o n , the wavelength r e g i o n was extended up 
to I4.0 m i c r o n s . The r e c o r d i n g s were made g e n e r a l l y on s i n g l e 
c r y s t a l s l i c e s , though f o r some d e t a i l s powder forms were 
a l s o used . 
R e f l e c t i v i t i e s were measured from .39 to 2 . 5 m i c r o n s . 
The r e f r a c t i v e i n d i c e s were measured at v i s i b l e wave-
l engths us ing the minimum d e v i a t i o n method and a s i n g l e 
c r y s t a l i n the form of a p r i s m . 
10b. 
til.!L:'_CA' ''• '_• '•''i',L)tioJi r, )ocbra of: f i s j -rpwn YtiS aa i , ! ]> l>and 
tiiiJOn:.::1. ' --MIS " ' ~ 
C ,.-?. 1 Al'ilP-'.'.' I ^iCS 
To d o t - - i . l v : toe p o s i t i o n :>r e l e c t r o n i c t r a n s i t i o n s i n 
YiDZ tho ubuorufcion s p o c t r a of the m a t e r i a l //as examined i n 
the- Vit:.voIc?ji:;i.i-L regior- of .25 to 2 .5 m i c r o n s . 
F o r Liiiii piurposo, the a b s o r p t i o n c o e f f i c i e n t , K, v . s , 
wavalongth cn.vve::: were d e r i v e d f o r "both as grown 8 and 12 
nolo f Y3Z - .ar .plcs , ( u s i n g the TT-method as e x p l a i n e d i n 
C'Hv,','bor 5 ) , from the t r a n s m i s s i o n s recorded f o r two d i f f e r c n 
t h i c k n e s s e s of the same unor iented samples . 
F i g u r e (C-.1) shows the p o s i t i o n s of "both 8 and 12 raole 
^ Y3Z curves a t room temperature . F o r both c r y s t a l s , the 
a b s o r p t i o n cons tants show a sharp i n c r e a s e at around .271 
and ,2'JQ microns and have a broad t a i l extending to .500 and 
.530 microns r e s p e c t i v e l y . 
The sharp i n c r e a s e ( a b s o r p t i o n edge) w i l l be a n a l y s e d 
i n s e c t i o n ( 6 . 2 . 2 . ) . She most i n t e r e s t i n g e x p e r i m e n t a l 
r e s u l t i s the appearance of an o p t i c a l t a i l o c c u r r i n g at the 
a b s o r p t i o n edge. T h i s t a i l corresponds to the a b s o r p t i o n of 
low energy photons, ("few £ 3 g where T.g i s the f o r b i d d e n gap 
energy) and could be i n t e r p r e t e d as a r i s i n g from t r a n s i t i o n s 
between l o c a l i z e d s t a t e s ; i f the d e n s i t y of s t a t e s v a r i e s 
e x p o n e n t i a l l y wi th energy, an a b s o r p t i o n edge of t h i s form 
would be expected , Tauc ( 1 9 6 9 ) . 
Lojv tffnper^ 
At low temperaburec the a b s o r o t i o n s p e c t r a way r e v e a l 
c e r t a i n a b s o r p t i o n bands due to o p t i c a l t r a n s i t i o n s between 
F i g . ( 6 . 1 ) Absorpt ion c o e f f i c i e n t versus wavelength i n 
8 and U ' nol:.- f Y3Z c r y a t o l s , 1A15« and rJA-'^'d, a:s grown, a t 
coo:u t o ; . : p f j r t L I P C J . 
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the around s t a t e and e x c i t e d energy l e v e l s of the: i m p u r i t y 
i n the m a t e r i a l . As mentioned i n Chapter 3 , the expected 
i m p u r i t y ions were Z r or Y which were a s s i g n e d as the 
paramagnetic ions c a u s i n g the tyoe-B l i n e . I n f a c t , the 
o p t i c a l s p e c t r a of Y "!" i n OaFg r e p o r t e d by O'Connor and Chen 
(1963) showed four a b s o r p t i o n bando at wavelength .225 , . 335 , 
.i+OO ( the s t r o n g e s t ) and .580 microns at 20 °K. 
However, the low temperature ( ^ 8 7 °X) a b s o r p t i o n s p e c t r a 
of 12 mole % YSZ as grown sample shown i n f i g u r e ( 6 . 2 ) gave 
no d e t e c t a b l e change; a p a r t from the a l i g h t s h i f t of the 
p o s i t i o n of a b s o r p t i o n edge, from ,273 microns to .268 
m i c r o n s . Thus there i s no evidence f o r the i m p u r i t i e s j u s t 
mentioned. However the experiment should be repeated at 
temperatures around 20 °K or lesis to be sure about t h i s 
i n.t e r pr e t a t i on, 
6 . 2 . 2 A b s o r p t i o n edge 
The a b s o r p t i o n edge i s d e f i n e d as the po in t where the 
s lope of the a b s o r p t i o n c o e f f i c i e n t i s a maximum, Moss ( 1 S 5 9 ) » 
p.1+0. _ The energy gap determined by e x t r a p o l a t i n g the s h o r t 
wavelength p a r t of the curve and then f i n d i n g where the 
a c t u a l a b s o r p t i o n c o e f f i c i e n t i s h a l f the e x t r a p o l a t e d 
v a l u e . Thus;" on" the "fcwK v . a . "nw p l o t s of the two c r y s t a l s , 
drawing the e x t r a p o l a t i o n s on the s t e e p e s t p a r t of the c u r v e s , 
we obtained two band gap energ i e s Eg^ = U .50 ev and E g ^ = 
k.l\5 ev f o r the 8 and 12 mole % YSZ samples r e s p e c t i v e l y . 
The o p t i c a l energy gap of monoc l in ic ZrOg was found to be 
.2.J4O microns (k»93 e v ) by B e n d o r a i t i s and Salomon ( 1 9 6 5 ) , 
P i g . ( 6 . 2 ) A b s o r p t i o n c o e f f i c i e n t versus wavelength in 
12 mole <£ YSZ c r y s t a l , 2A22j . as grown, at 67 °K. 
1 08. 












WAVELENGTH ( A 0 ) 
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.230 micron.;;; by Conlon and Doyle- (': 96.5), which are comparable . 
Attempts have been made to f i t the curves to the conven-
t i o n a l formulae f o r semiconductors w i t h p a r a b o l i c "bands. The 
most f re que rit used e x p r e s s i o n i s ( see Chapter k, s e c t i o n 
P l o t s of HY. 'K as a f u n c t i o n of photon energy have "been drawn 
( f i g u r e ( 6 . 3 ) and f i g u r e ( 6 J + ) f o r both 8 and 12 mole % YSZ 
samples ) i n an attempt to f i n d a f i t w i t h one of the t r a n s i -
t i o n l a w s . The g r a d i e n t s of the separate p a r t s of the 
curves ' show t h a t : 
F o r 12 mole % YSZ 
Two g r a d i e n t s , n^ and n ? , change "between 3 . 6 and 1 .87 
r e s p e c t i v e l y . Hence n e i t h e r the d i r e c t a l l owed , d i r e c t 
forb idden'or" i n d i r e c t forb idden t r a n s i t i o n r u l e s are 
s a t i s f i e d . The on ly p o s s i b i l i t y i s f o r an i n d i r e c t a l lowed 
t r a n s i t i o n f o r which the g r a d i e n t s h o u l d be n = 2 . E v e n 
so , t h i s on ly seems to be s a t i s f i e d f o r the t a i l r e g i o n . 
F o r the r i g h t hand s i d e of the c u r v e , the g r a d i e n t n^ 
i s w e l l above the va lues which could be f i t t e d . t o any one 
of the t r a n s i t i o n l a w s . 
F o r 8 mole % YSZ 
The same s o r t of e x t r a p o l a t i o n s g ive the f o l l o w i n g 
g r a d i e n t s , n^ = 2 and == 1 . U . 
F o r the h i g h e s t energy p a r t of the c u r v e , the g r a d i e n t 
n l . i s a l s o w e l l above the v a l u e s to be eznected f o r one of 
.3 ^ . ' ; , 
F i g . ( 6 . 3 ) "fewK versus "few curve i n 8 mole % YSZ c r y s t a l , 
1A13e, as grown, at room temperature . 
F i g . ( 6 . / + ) "hwK versus 1iw c a r v e i n 12 mole % TSZ c r y s t a l , 
2A22;j, as grown,' a t room temperature . 
(k.2.2)). 
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t'.a t i ' t i i i J j ! / ! , - ; . luKJi:« 
Thoau x-ouulLu : ; ' • . i f j . : Lh-..i L ..ic. ac-jsi.^.'-xvit OJ" o p t i c a l 
i ' i ' O u i j.'itti]-- •, tc L f : v . i a c of t t . v ' ^ j o vrjn a -ore L;J a dubjoutj 
pr . ' C jiiuro . c.i• L]iu>•*;::• >r.'tj trie r;..\ ;c of ao: .orat ion eonr.; tr nts 
a c c e s s i b l e to anal,-;ij i:.i v/as ra th ' :? smr.-.ll making i t d i f f i c u l t 
to choose between po..)';i"ble valix.-s of n . But i t way d e f i n i t e l y 
e s t a b l i s h e d tlv.-.t f o r the s lope i n the h i g h e s t energy r e g i o n 
and i\ » i i ..here n = £ or n =z 2 . 7 n i s imir.edi.ute.ly 
d i s q u a l i f i e s the po?; n i h i l i t y o_' d i r e c t or i n d i r e c t a l lowed 
t r a n s i t i o n s . 
C a l c u l a t i o n s by Lanyon (15-61 ) and Tauo (1969) show t h a t 
the v a r i a t i o n of the absorpt ion c o e f f i c i e n t as a f u n c t i o n of 
photon energy should r e f l e c t the r a t e a t which the va lence 
band s t a t e s f a l l o f f w i t h energy i n t o the gap. The s l opes 
of the s t e e p e s t p o r t i o n of the edges f a l l e x p o n e n t i a l l y w i t h 
photon energy, f a l l i n g i n the r a t i o e : 1 f o r a change i n 
energy of 0.06 ev f o r both types of as grown sample . 
Because YSZ c r y s t a l s are c u b i c , no o r i e n t a t i o n dependent 
changes are to be expected on the a b s o r p t i o n edge. The 
r e c o r d i n g s made on the t h r e e - f o l d and f o u r - f o l d o r i e n t e d 
samples showed no d i f f e r e n c e fro:n the unor iented ones . 
6 . 2 . 3 T r a n s m i s s i o n s p e c t r a of as p;rov/n and c u r r e n t b lackened 
samples i n the wave l ength r e g i o n of _ .25-.'jrC~ microns 
The t r a n s m i s s i o n s p e c t r a of as grown 0 and 12 mole £ YSZ 
and c u r r e n t b lackened 'j.&ivples \.-ere measured 011 t h i n s i n g l e 
c r y s t a l s l i c e s i n the wavelength r e g i o n of 0 . 2 3 —11.0 microm:, 
utiin'; the O p t i c a (J\'|.-0':t &ni rerr,:j.n-"',lir^r r.odel !\37 s p e c t r c -
photoi-i&ter.'j. 
As seen .i'rnm f i t i v ; ( ^ . 5 ) t.js s p - c t r a f o r b mo':c ),'• YJIj 
I ( , i g . ( 6 . \ 0 Tra:::j ; i i : i on .vr.vi rir:.l.^vjth i i : o mole <' 
YSZ as grown curr'--nt bl:=cV:nc..; cry:: :.'il«:. at rc.-.-n ten-peru--
t u r o . 
Fig. (6 .5 ) 113. 
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arc; .t'oun.!. to be: vt;r.-» f.implc In . ulav-; , ( : • - • : " . - r v : : r . 
o'bf.fjjncMi. Tor 12 mole l A Y S Z ) . 
The i n c o r p o r a t i o n of 0>I~ has been ;o.vn to ri-.m-.iii1 i n r. 
number oi 1 rnat' ir i i iki ,;rown no s i n g l e c r y " o n I s 'by i\\ u;:ic fo:-
V/jokorsheini ( 1 9 6 1 ) . However, i.o such b;...:.'! appe^^J<• a t 2.7:' 
micL -oija was de tec ted j n our e s p i e s . T h i s i s maybe V ' S C i U ^ e 
of the t j l e c t r o f us io i i growing p r o c e s s . The t r a n s m i s s i o n s --jo 
on deere i vs ing i n going to the h i g h e r wavelength r e g i o n , ?ho 
maximum a b s o r p t i o n i s not c l e a r l y observed because of the 
f i n i t e t h i c k n e s s of the a v a i l a b l e t h i n samples ( I J S S than 
32 m i c r o n s ) . However t h i n f i l m s of powdered forms c f these 
c r y s t a l s may be recorded i n order to overcome t h i s l i m i t a -
t i o n . T h i s has been done and w i l l be mentioned soon. 
The t r a n s m i s s i o n cut o f f s are l i s t e d i n Table ( 6 . 1 ) and 
Table ( 6 . 2 ) together w i t h the t h i c k n e s s e s and the c u r r e n t 
d e n s i t i e s a p p l i e d to both 8 and 12 mole </-• ¥ 3 2 samples 
r e s p e c t i v e l y . A l l cut o f f va lues were chosen as the v a l u e s 
a t 1 % t r a n s m i s s i o n . I t was found that cut o f f s were 
dependent on the c r y s t a l t h i c k n e s s e s , f o r i n s t a n c e , f o r the 
t h i c k n e s s e s r a n g i n g from 53 to 288 microns of as grown 
samples , the f i r s t cut o f f s ranged between .255 to .278 
m i c r o n s . 
T r a n s m i s s i o n cut o f f va lues f o r the as grown and 
c u r r e n t b lackened 8 mole £ YSZ camples w i t h d i f f e r e n t 
c u r r e n t d e n s i t y and t h i c k n e s s e s at room temperature , 





1A1 3 c 
as grown 53 0.27 1 3 . 0 
0.1 55 0..?0 12 .3 
1 , 0 65 1 .10 12.1 
5 .0 62 1.36 12.1 
11:3. 
TABL!': , ( 6 . 2 ) 
T r a n s m i s s i o n c u t o f f va lues f o r as grown and c u r r e n t 
"blackened -| 2 molt: % YSZ samples w i t h d i f f e r e n t current 
d e n s i t y and t h i c k n e s s e s at room temperature . 
sample 
c u r r e n t 
d e n s i t y 
(A/cm 1") 
T h i c k n e s s 
(microns ) 
T r a n s m i s s i o n 
f i r s t 
Cutoff--; ( m i c r o n s ) 
( second) 
2A22j as grov/n 5h 0.27 1-3.0 
2A22d 0.1 90 0.9 12.1 
2A22o 1 . 0 60 1 .1 12„1 
2A22b 5 . 0 1U0 1 .7 Q 8 
I n order to see the comparable t r a n s m i s s i o n s of b lackened 
samples hav ing unblackened and b lackened p a r t s , the t r a n s -
m i s s i o n s p e c t r a were r e c o r d e d , a t the j u n c t i o n of both anode 
and cathode ends, i n the wavelength r e g i o n of 0 .25 to 2 . 5 
microns us ing the O p t i c a spectrophotometer . 
The two comparable o v e r l a p p i n g t r a n s m i s s i o n curves of 
the . samples ( lA15d (8 mcle_$_).__and 2A22d (12 mole %)) a r e 
s een i n f i g u r e ( 6 . 6 ) . The unblackened, anode end, t r a n s -
m i s s i o n s i n c r e a s e s h a r p l y a t around .27 microns i n the same 
way as f o r as grown samples , and another n o t i c e a b l e but l e s s 
sharp i n c r e a s e corresponding to the b l a c k e n e d , cathode end, 
p a r t of the c r y s t a l beg in at about .65 and .70 microns f o r 
the 8 and 12 mole % YSZ r e s p e c t i v e l y . 
I n semiconductor.s.,-...absorption due to free . , - -conduct ion, 
e l e c t r o n s becomes much more n o t i c e a b l e at long wave lengths . 
B e a r i n g the p o s s i b i l i t y of c o l l o i d a l Zr metal i n mind, 
( c r e a t e d i n the c u r r e n t b lackened s a m p l e s ) , an attempt was 
2 
made to f i t a X -dependence to the a b s o r p t i o n curves of our 
samples Moss ( 1 9 5 9 ) , p . 2 9 . 
F i g u r e ( 6 . 6 ) T r a n s m i s s i o n versus wavelength i n 8 and 
12 mole # YSZ c r y s t a l s , 1A15d and 2A22d, a t the j u n c t i o n of 
the b lackened and unblackened p a r t s , a t room temperature . 
116. 
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Tho absorb once v . a . ^ curvor. were Jr^wji on L n - L n 
s c a l e a Tor 8 mole % (a;.; grown 1A15" and b lackened 1A15d, 0.1 
A / c i n 2 ) and 12 mole- # (aa grown ?A22;j and b l a c k e n e d 2A22d, 0.1 
A / c m'" ) Y8 Z e a :np 1 e s . 
Because Y3Z i s an i n s u l a t o r no f r e e c a r r i e r a b s o r p t i o n 
i s expected to be p r e s e n t f o r the- as grown sample a . T h i s in 
v e r i f i e d by the n o n - l i n e a r l i n e shape and the: l a c k of f i t of 
the curves to a s q u a r e - l a w dependence. 
F o r b lackened samples the s lopes of the curves do not 
s a t i s f y the square - law dependence but s t r a i g h t l i n e i s 
obta ined w i t h a g r a d i e n t of f o u r . 
We are i n c l i n e d to t h i n k t h a t the change of the shape 
and s lope on b l a c k e n i n g may be exp la ined i n the f o l l o w i n g way, 
The c u r v a t u r e of the p l o t f o r the as grown sample i s being-
per turbed by e f f e c t s due to f r e e c a r r i e r s , Hence a s t r a i g h t 
l i n e i s observed f o r the b lackened samples though i t s s lope 
i s g r e a t e r than two. 
D e r i v a t i o n of Debye^temperature 9 ( l . R . ) from I n f r a r e d t r a n s -
m i s s i o n data 
One d e f i n i t i o n of a Debye temperature , 9,- i s tha t i t i s 
e q u a l to hO/k where $ i s a c h a r a c t e r i s t i c f r e q u e n c y or some 
average f r e q u e n c y . 
A grea t dea l of c o n f u s i o n e x i s t s about the assumption 
t h a t 9 va lues obta ined from d i f f e r e n t p h y s i c a l p r o p e r t i e s of 
a s o l i d shou ld be e q u a l . The s i m p l e s t case i s t h a t 6 
( e l a s t i c ) i . e . the 8 va lue d e r i v e d from the e l a s t i c cons tants 
of a s o l i d , i s equa l to 0^, the va lue d e r i v e d from s p e c i f i c 
heat measurements, i f both are measured at s u f f i c i e n t l y low 
t e m p e r a t u r e s . The measurements made on the r e f l e c t i o n of 
inf.Tared from the s u r f a c e of c r y s t a l s and the p o s i t i o n of the 
1 1 e. 
maximum of the r e f l e c t i o n , i s chosen to C J V U ' J utiLo the: frequency 
The p o s i t i o n of the r e f l e c t i o n maximum i"j r e l a t e d to t h a t of 
the t r a n s m i s s i o n minimum. I t i s determined p r i n c i p a l l y by 
the maximum of the r e f l e c t i o n c o e f f i c i e n t which i s found on 
the s h o r t wavelength a ide of the t r a n s m i s s i o n minimum, Born 
and Huang (l95'!-)» p .123 . Hence i f one terms the two 0 
va lues 9 A ( I R ) and 6 ^ ( l R ) i t i s found that «3u(lR) agrees 
remarkably w e l l w i t h the average va lue of &Q whereas the 
G A ( I R ) va lues are l o w e r , 
" I n c u b i c c r y s t a l s of the j-ia-:Jl, of the GsOl type t h e r e 
i s on ly one v i b r a t i o n a c t i v e i n the i n f r a r e d . I n t h i s 
t r a n s v e r s e v i b r a t i o n the p o s i t i v e and negat ive ions a r e i n 
a n t i p h a s e and the wavelength i s equa l to that of the i n c i -
dent r a d i a t i o n . T h i s n a t u r a l f requency can bes t be equa l to 
t h a t of the i n c i d e n t r a d i a t i o n and can b e s t be observed by 
s t u d y i n g the t r a n s m i s s i o n of i n f r a r e d through a v e r y t h i n 
f i l m of the sample, the minimum of the t r a n s m i s s i o n o c c u r r i n g 
at the c h a r a c t e r i s t i c ' f r e q u e n c y 3 1 a c k m a r m (1955) , P . 3 7 5 . 
So the t r a n s m i s s i o n s p e c t r a of t h i n f i l m s of powdered 
YSZ c r y s t a l s were r e c o r d e d . The samples were prepared by 
Mrs . Dubson i n the Ghamistry Department. A s m a l l amount of 
the sample was powdered,and a few m i l l i g r a m s of t h i s powder 
was mixed w i t h s p e c t r o s c o p i c a l l y pure C s l . The s p e c t r a 
were recorded on a P e r k i n - S l m e r i|-57 model double- beam g r a t i n g 
-1 
spectrophotometer . The r e g i o n was scanned from 250 cm to 
U000 era and e x t r a care was g iven to the l e v e r r e g i o n (250 
cm"1 to 600 cm"1 ) . 
The s p e c t r a were found to be similar.- to the s i n g l e 
c r y s t a l r e s u l t s and the t r a n s m i s s i o n minimuma were c l e a r l y 
observed at Jj.60 * 8 cm"1 and kSk ± 8 cm"1 r e s p e c t i v e l y f o r 
I J . - l i j 1- :.-ol;- V X jVi a.-: (';i."-uV;i: :-,;i,.i.jlf . I V J U cor i^v:JiJwi':'.iin^ 
Deb ye to. .-.;('• .•"it.urT.-o 0,.(T.~0 c'i^ r i -.-cd fro:- the G O t r r ^ s n i i s r j j on 
rcr;ult : j and L ' V J w ( t i n ) v.;!ur:u obtained by l-'oce et a l . 
( i r V O ) f o r oui- :jn.';;'Lo;-; arc cu.,!;Jured j i . T^'lilc ( 0 . 3 ) . 
TA "5T 
Co:-..pi: ipj sun of .Oebye tt;i.!j,jj mature a f o r G and 12 mole 
YUZ as ^ r wn c r y s t a l s obtained from I . R . 
mcaoiJT'o:..':;>uG and Cron e l a s t i c cons tant 
oxfc i?£i :jolf.'.tc:i'i to 0 }•". 
r < v l , r r , + o n Debye tempt; ratu.ro ( i n °K) 
C r y f j t a l G ( I R ) 9 ( c l a s t i c } 
8 mole £ YSZ 660 i 12 595 
12 mole J? YSZ 666 -± 12 GOIj. 
The Debye temperatures d e r i v e d from I R t r a n s m i s s i o n d a t a 
are b igger than the v a l u e s obtained » i t h the u l t r a s o n i c 
methods though theory suggests they should be lov/er. 
I n s i m i l a r measurements on a c u r r e n t b lackened 12 mole >o 
YSZ sample (2A22e, 20 A/cm , 1 5 m , 800 C , i n argon) the 
spectrum was found to i n c l u d e an e x t r a a b s o r p t i o n band p e a k -
ing a t 1 080 cm . however there was only s h i f t or shape 
d i s t o r t i o n of the wide band centred at kSk — 8 f o r the 
s i n g l e c r y s t a l s l i c e s w i t h the low c u r r e n t d e n s i t i e s . 
• 
6.3 R e f l e c t i v i t y s p e c t r a of as grown and c u r r e n t b lackened 
samples 
6.3.1 V i s i b l e r e g i o n ( .39-.6G m i c r o n s ) 
The r e f l e c t i v i t i e s of as grown and c u r r e n t b lackened 
samples of both 8 and 12 mole YSZ sawales were measured i n 
the wavelength reg ion of .39- .56 micron:, usin-; t!io ins trument 
mentioned i n Chapter 5 s e c t i o n ( 5 . 3 . ? .2 t ? - ) . Th« s tandard 
chosen was b l a c k g l a s s no: 3102;j becaiM,:.-: of." havin;;; the 
120. 
c l o s e s t r e f l e c t i v i t y to Y S Z . 
The measurements f o r i\u grown t r a n s p a r e n t m a t e r i a l were 
made on pr-isra shaped samples , p a l l s bed to a 1/J.|. micron f i n i s h 
so t h a t m u l t i p l e r e f l e c t i o n s would bs or evented. However 
the measurements on the c u r r e n t b lackened samp lets were made 
on t h i n p o l i s h e d s l i c e s because they were not t r a n s p a r e n t i n 
the v i s i b l e w a v e l e n g t h s . 
As .ggo'-vn. samples 
F i g u r e ( 6 . 7 ) shows that the r e f l e c t i v i t i e s of 8 and 12 
mole % YSZ as grown samples , be ing around 12 and % i n the 
v i s i b l e r e g i o n . An i n c r e a s e i s observed f o r the lower wave-
length-end of the s p e c t r a f o r both k inds of samples . T h i s i s 
i n agreement w i t h the expected r i s e i n the neighbourhood of 
the a b s o r p t i o n edge. I n f a c t the d i f f u s e r e f l e c t a n c e s p e c t r a 
of 8 mole % YSZ recorded i n the wavelength r e g i o n of 0.3-1 ,0 
microns gave sharp r i s e between 0.3 and 0.6 microns . Tlie-
s p e c t r a were recorded at room temperature w i t h r i n g - t y p e 
r e f l e c t a n c e attachment to the instrument S P . 5 0 0 ; MgCo^ was 
used as the s t a n d a r d . 
The r e f r a c t i v e index measurements i n the same wavelength 
r e g i o n us ing the minimum d e v i a t i o n method a l s o gave c o n s i s t e n t 
r e s u l t s f o r the r e f l e c t i o n c o e f f i c i e n t s see s e c t i o n (5,1|.). 
4 _ _ 
C u r r e n t b lackened samples 
The r e f l e c t i v i t i e s of the c u r r e n t b lackened 8 and 12 
p 
mole % YSZ samples , f o r the c u r r e n t d e n s i t i e s of 0,1 A/cm'", 
2 2 
1 .0 A/cm", 5 . 0 A/cm were measured us ing the same method 
and a p p a r a t u s . 
The r e f l e c t i o n c o e f f i c i e n t s f o r 8 and 12 mole % YSZ 
F i g . ( 6 . 7 ) R e f l e c t i o n c o e f f i c i e n t v e r s u s wavelength 
i n 8 and 12 mole f5 YSZ c r y s t a l s , as grov/n, v i s i b l e r e g i o n . 
F i g . ( 6 . 7 ) 
25 
8 m/o Y S Z 












500 92 600 
WAVE L E N G T H (nm ) 
1 22 
samples black-? nod to c'l.i f f e r c n t decrees a r c given i n T a b l e 
( 6 J . | . ) . 
TABLIi : \ 
Average: r e f l e c t i v i t i e s of 8 and 12 mole ;S YSZ 
c r y s t a I s , c u r r e n t blaclce ned, v i s i b l s r e g i o n 
Wave- 8 mole % YSZ 12 mole % Y8 Z 
l ength 
(nm) 1A1 5d 1A1 5b 1A1 5c 2A23c 2 A 2 2 C 2A22i 
390 14 .64 1 5.1 8 -1U. 00 15 .27 14 .54 15-59 
400 15.29 14 .70 14 .05 14.81 14.47 14 .67 
420 14 .72 15 .23 13 .74 14 .86 14 .23 I 4 .62 
M+o 14.61 .14.. 54 13 .68 14 .68 14 .13 14 .74 
46O 14 .56 14 .48 13 .47 1i.i-.5o 13 .93 15.02 
480 14 .40 14 .49 13 .36 14 .37 13 .75 14 .82 
. 500 14 .33 14 .36 13 .45 18 .17 13.61 14 .59 
520 14.11 14.1 8 13 .94 13 .99 13 .62 14.52 
540 
560 
13 .80 14 .06 13 .29 1 3 .89 13 .57 14,61 
13 .85 14 .06 13 .36 13 .77 13.82 14.51 
580 
600 
13.91 14 .19 13 .42 14 .15 13 .79 14 .58 
13 .96 14.21 13 .60 13.93 13 .60 14 .48 
620 13 .84 14.1 8 13 .50 13 .79 13.84 14 .38 
64O 13.31 14 .05 13 .67 13 .86 13 .74 14 .98 
650 1-3". 74 13 .79 "T5.46 13 :97" ~ 13 .76 -
C u r r e n t 
d e n s i t y 
(A/cm") .1 1 .0 5 . 0 , i 1 . 0 5 . 0 
6 . 3 . 2 Llear Inf ' rare 6L.re.giqn ( 0.._6-2.fi. .microns ) 
I n t h i s s e c t i o n , only r e f l e c t i v i t y measurements of 
c u r r e n t b l a c k e n e d 8 and 12 mole f;b Y3Z samples w i l l be 
mentioned. ' _ 
The sample p r e p a r a t i o n and the method employed are d e s -
c r i b e d i n Chapter 5, s e c t i o n ( 5 . 2 . 1 . 2 ) and s e c t i o n ( 5 . 3 . 2 . 2 . 1 ) , 
I n T a b l e ( 6 . 5 ) r e f l e c t i o n c o e f f i c i e n t s are g i v e n f o r 
both groups of samples . There was no s t r u c t u r e i n the 
s p e c t r a . The f l u c t u a t i o n s r a n g i n g w i t h i n 0„i;£S may be c o n s i -
dered due to exper imenta l e r r o r s . 
R e f l e c t i o n c o e f f i c i e n t s ,of 8 and 12 mole % Y8S 
c r y s t a l s c u r r e n t b l a c k e n e d , near i n f r a r e d r e g i o n 
Wave-
length 
8 mole <> YSZ 
( IT;icrons ) 1A1 5d 1A1 5b 1A1 5c 
12 mole £ YSZ 
2A22d 2A22c; 2A22b 
0.659 13 .80 13 .80 13 .35 13 .95 13 .65 
0.675 13 .30 13 .80 13 .35 13 .95 13 .50 
0.596 13 .75 1 3 . 7 0 13 .35 13 .30 13 .60 
0.715 13 .80 13 .80 13 .35 1 3 .30 13 .50 
0.740 13 .85 13.75 13 .40 13 .85 13 .65 
0.760 13.75 13 .85 13 .40 1 3 .75 13 .65 
0.797 13 .90 13 .85 13 .30 13*80 13.63 
0,826 13 .95 1 3 . 9 0 13.55 13 .85 13 .75 
0.861 13 .30 14 .10 13 .60 13 .95 13 .80 
0.898 13 .85 14.15 13 .50 1 4 . 0 5 13 .80 
0.939 13 .85 14 .15 13 .35 14 .05 13 .75 
O.98/4 13 .80 14 .05 13 .25 14 .05 13 .65 
7.024 13 .80 13 .95 13 .25 1 4 . 0 0 13 .60 
1 .078 13 .75 13 .95 13 .20 13 .95 13 .60 
1 .127 13 .75 13 .90 13 .30 13 .95 13 .60 
1 .180 13 .75 13 .85 13 .30 13>85 13*50 
1 .227 13 .75 13 .30 13 .20 1 3 . 8 0 13 .50 
1 .284 " "13.75 "i'3.80 13 .20 1 3 . 8 0 13 .50 
1 .347 13 .75 13 .75 13 .20 13 .75 13 .50 
1 .409 13 .75 13 .75 13 .20 13 .75 13 .50 
1 .485 13 .75 1 3 .75 13 .20 13 .75 13 .50 
1 .550 13 .80 13 .85 13 .20 13 .75 13 .50 
1 .642 13 .75 13 .70 1 3 . 2 0 1 3 . 6 5 13 .50 
1 .722 13 .75 13 .80 13 .20 1 3 . 7 0 13 .50 
1 .837 13 .80 13 .85 13.25 1 3 . 7 0 13 .55 
1 .937 13 .80 13 .85 13 .25 1 3 . 7 0 13 .55 
2.049 13 .80 1 3 .80 1 3 .20 1 3 . 7 0 13.55 
2.179 13 .75 
13 .80 
13 .20 13 .20 13 .65 13 .55 
2.339 13 .75 13 .20 13 .65 13 .55 
2 .530 13 .80 13 .60 13 .20 . 1 3 . 7 0 13.55 
C u r r e n t - -
d e n s i t y .1 1 .0 .5.0 .1 1 .0 
(A/cm ) 
14 .40 





























5 . 0 
6 ..4 .Ref r a c t i v e i n d i c e s of _ja.a J^r off 1?-_^l!l!n]l7-g!i3 
The pr isms of 8 and 12 mole YSZ wi th apex angles of 
2 2 ° 4 4 ' and 2 3 ° 0 4 ' were cut from laivje s i n g l e as grov/n 
c r y s t a l s . Because the c r y s t a l s had a c u b i c a t r u c t u / ' G and 
were t h e r e f o r e i s o t r o p i c no s p e c i a l account was taken of 
o r i e n t a t i o n . 
F o r c r y s t a l proi iyrat io?! an.l the .Method employed see 
Chapter 5, s e c t i o n ( 5 . 3 . 2 . 3 ) . 
The r e s u l t s o:f.' r e f r a c t i v e I n d i c e s f o r both types of 
samples a r c ;-;.i.ven i n Table (Tj . 6 ) , 
TA13LS? ( 6 . 6 ) 
The r e f r a c t i v e i n d i c e s of 3 and 12 mole f- YSZ 
c r y s t a l s , as grown, minimum d e v i a t i o n method, v i s i b l e r e g i o n 
Wavelength R e f r a c t i v e i n d i c e s 
( m i l l i m i c r o n s ) 8 mole % YSZ 12 mole % YSZ 
2+90 2.1 + 0.00.'i 
500 - 2.193 
51 0 - 2.188 520 2.191 + 0.00k 2.185 
530 2.191 2.1 81 
51+0 2.191 2.177 
550 2.188 2.17'+ 
560 2 .188 2.172 
570 2.133 2.171 
580 • 2 .180 2 .166 
590 2.183 2.166 
600 2 .180 2 .158 
610 2 .166 2 .158 
620 2 .175 2 ,156 
630 2 .170 2 .155 
6^0 2.177 2.1 
650 2 .1 57 2.151+ 
660 2 .160 2 .152 
• . 670 2.159 2.1 5k 
6 .5 O p t i c a l a b s o r p t i o n s p e c t r a of c u r r e n t b lackened samples 
and d i s c u s s i j x n s 
6.5.1 A b s o r p t i o n (wavelength r e g i o n , . 2 5 - 2 . 5 m i c r o n s ) 
The a b s o r p t i o n s p e c t r a of c u r r e n t b lackened samples 
showed s e v e r a l new f e a t u r e s compared w i t h as grown ones . 
The two methods (TT and RT) were a p p l i e d i n order to 
d e r i v e the a b s o r p t i o n c u r v e s . They are i n agreement w i t h 
each other and are g i v e n i n the f o l l o w i n g s e c t i o n ( 6 . 5 . 1 .'I ) 
and s e c t i o n ( 6 . 5 . 1 . 2 ) r e s p e c t i v e l y . 
6.5.1 .1 TT-method 
T r a n s m i s s i o n r e c o r d i n g s f o r two d i f f e r e n t t h i c k n e s s e s of 
12.5. 
each c u r r e n t bl-iokenec"! sample enabled the a'brjorvt.ion v , s . 
wavelength c a r v e s to be d e r i v e d "for s e v e r a l va lues of c u r r e n t 
d e n s i t y . 
F i g u r e ( 6 . 8 ) shov/s the a b s o r p t i o n p l o t s of c u r r e n t 
b lackened and as grown 8 mole % YSZ samples at room tempera-
t u r e s , 
S e v e r a l f e a t u r e s s t u c k i n g to the a t t e n t i o n at f i r s t 
s i g h t may be g i v e n as f o l l o w s , 
1 . Absorpt ion s p e c t r a of as grown and unblackened p a r t of 
the c u r r e n t paused samples gave overlapped wavelength 
dependence as w i l l be seen on the f a r l e f t of f i g u r e 
( 6 . 8 ) . 
2 . A b s o r p t i o n s p e c t r a of d i f f e r e n t l y c u r r e n t b lackened 
samples (1A153, 1A15b, 1A15c see Table ( 6 . 1 ) f o r 
c u r r e n t d e n s i t i e s ) showed c e r t a i n s h i f t s between 
themse lves , s h i f t i n g to the longer wavelengths as 
the c u r r e n t d e n s i t i e s a p p l i e d i n c r e a s e d . 
3 . The a b s o r p t i o n s p e c t r a of a l l the b lackened samples 
seemed s h i f t e d from .27 microns to beyond the 1 m i c r o n . 
h. The sample c u r r e n t t r e a t e d w i t h the c u r r e n t d e n s i t y of 
.1 A/cm was b lackened and t h i s va lue was found the 
^ lowest l i m i t va lue f o r the observable s h i f t of the 
a b s o r p t i o n s p e c t r a . The samples c u r r e n t passed w i t h 
the d e n s - ^ ^ ^ ^ ^ f 2.0^.(.0, and 80 raA/cm^ were not 
~~~ b lacker i ec^^^^he-^^S^^ not show any s h i f t a t a l l . 
The measure Hint's made at low temperatures ( 87 °K)» 
F i g . ( 6 / . 8 ) -Afe'sor-pfeiR^Lcoefficient versus wavelength 
i n 8 mole % YSZ c r y s t a l s , 1A15d, 1A15b, 1A1!3c, c u r r e n t 
b l a c k e n e d , TT-method, at room temperature . 
Fig. ( 6 . 8 ) 
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127. 
gave s i m i l a r r e s u l t s of the room temperature ( f i g u r e ( 6 . 9 ) ) . 
They seemed there v/ere no i n t e n s i t y c h a r g e s . 
S i m i l a r spectrum was observed f o r c u r r e n t b lackened 12 
mole % YSZ c r y s t a l 2A22c (l.O A / c m " ) , a t room temperature . 
The same c o n c l u s i o n s sa id f o r the 8 mole $S YSZ can be s a i d 
to 12 mole JS YSZ as w e l l . 
Some d i s c u s s a b l e p o i n t s about b lackened sample s p e c t r a 
w i l l be delayed f o r the time be ing u n t i l the RT-method 
r e s u l t s of a b s o r p t i o n s p e c t r a are presented i n the f o l l o w -
ing s e c t i o n ( 6 . 5 . 1 . 2 ) . 
6 . 5 . 1 . 2 RT-me thod 
I n order to get a l t e r n a t i v e r e s u l t s f o r the s p e c t r a l 
d i s t r i b u t i o n of the a b s o r p t i o n , to compare w i t h those 
obtained from the a p p l i c a t i o n of the TT-method, the RT 
•method was used . See Chapter 5, s e c t i o n ( 5 - 3 . 2 , 1 . 2 ) * 
The samples were 8 mole % YSZ 1Ai5d , 1A15b, 1A15c 
F i r s t , as s een i n s e c t i o n ( 6 . 3 . 2 ) of t h i s c h a p t e r , the 
r e f l e c t i o n c o e f f i c i e n t s were measured on one p o l i s h e d 
s u r f a c e . Then the samples were ground down .to t h i c k n e s s e s 
around 1 00 microns and p o l i s h e d to 1/1+ micron , and the 
t r a n s m i s s i o n s were r e c o r d e d . From the r e s u l t i n g s p e c t r a , 
u s i n g the computer programme mentioned i n Chapter 5» 
Table ( 5 . 2 ) , the a b s o r p t i o n c o n s t a n t s , K, were measured. 
The same procedure was a p p l i e d to the 12 mole % YSZ samples 
2A22d, 2A22c, 2A22b. 
F i g . ( 6 . 9 ) A b s o r p t i o n c o e f f i c i e n t v e r s u s v/-avele:ir{th i n 
8 mole # YSZ c r y s t a l s , iA15d f 1A15b, 1A15c, c u r r e n t 
b lackened , TT-method, at 37 °K. 
128. 
Fig. ( 6 . 9 ) 
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I n F i g u r e (6 .10) and i-'i^ure (6 ,11) a b s o r p t i o n c o e f f i c i e n t , 
versus wavelength curves are seen f o r the 8 and 12 molo % 
c u r r e n t blackened ( s ee Table (6 .1) mil (6 .2) f o r b l a c k e n i n g 
condi t ion: ! ) YSZ samples r e s - c c t i v e l y . For comparison, the 
s p e c t r a v h i c h were obtained f o r as grown sample:.; us ing the 
TT-method are a l s o i n c l u d e d . 
The s p e c t r a obtained wi th both the RT-method and the 
TT-method gave n o n - l i n e a r s h i f t s of the a b s o r p t i o n curves 
f o r the c u r r e n t b lackened samples , aa compared w i t h the as 
grov/n c r y s t a l s p e c t r a of both 6 aiid 12 mole % Y 8 Z . T h i s 
must be connected w i t h a b s o r p t i o n band broadening due to 
some change i n the m a t e r i a l . I n t e r p r e t a t i o n of these s h i f t s 
as due to a change i n p o s i t i o n of the genuine a b s o r p t i o n 
edge i s not tenable because the c r y s t a l l a t t i c e parameter i s 
known from x - r a y ev idence to remain u n a l t e r e d by c u r r e n t 
b l a c k e n i n g . 
The r e f l e c t i v i t y measurements of the b lackened samples 
i n the v i s i b l e r e g i o n were most i n t e r e s t i n g because , as was 
seen i n s e c t i o n ( 6 . 2 . 3 ) of t h i s ' c h a p t e r , the t r a n s m i s s i o n 
s p e c t r a recorded i n t h i s wave length r e g i o n gave 0 % t r a n s -
m i s s i o n , so t h a t we could not observe any a b s o r p t i o n by the 
m a t e r i a l . 
F i g . ( 6 . 1 0 ) A b s o r p t i o n c o e f f i c i e n t versus wave length i n 
8 mole % YSZ c r y s t a l s , 1A15&, 1Ai5"b, 1A15e, c u r r e n t b l a c k e n e d , 
RT-method, a t room temperature . 
Fig. (6 .11) A b s o r p t i o n c o e f f i c i e n t versus wavelength 
i n 12 mole % YSZ c r y s t a l s , 2A22d, 2A22c, 2A22b. c u r r e n t 
b l a c k e n e d , liT-method, at room temperature . 
Fig . ( 6.10 ) 
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The c o n s e r v a t i o n of energy dictator; t h a t Kruno c t a l . 
("1963), P»139» "'"'he f o l l o w i n g equat ion i'j s a t i s f i e d . 
T + R -;- K = 1 6.2 
where T , R and K are g i v e n hy the meanings i n equ.(k. - i 3) 
and equ. (h .1 ' .L ) r e s p e c t i v e l y i n Chapter k. I t i s immediately 
c l e a r tha t because of the T i s zero f o r b lackened samples 
i n the v i s i b l e r e g i o n , R i s about -\k% and i t i s l i k e l y t h a t 
K i s roughly the same as i n as grown c r y s t a l s , there must be 
some other type of compensating c o n t r i b u t i o n i n the e q u . ( 6 . 2 ) , 
such as s c a t t e r i n g , which i t i s not p o s s i b l e to de tec t i n 






I n the present work the main i n t e r e s t was to attempt to 
e l u c i d a t e the nature of "blackened Y S Z . By comparison of the 
p r o p e r t i e s of as grown c r y s t a l s w i t h those of m a t e r i a l 
b lackened by c u r r e n t p a s s a g e . 
I t i s convenient to summarize the main c o n c l u s i o n s . 
The present e . p . r . work showed t h a t : 
1 . Oxygen v a c a n c i e s 
The e x i s t e n c e of oxygen v a c a n c i e s , which has p r e v i o u s l y 
been assumed, (due to charge compensation a r i s i n g from the 
s t r u c t u r e of the s o l i d s o l u t i o n and by i n f e r e n c e from the 
observed e l e c t r i c a l p r o p e r t i e s ) has been conf irmed w i t h e . p . r . 
The o b s e r v a t i o n of a trapped e l e c t r o n , i t s symmetry p r o p e r -
t i e s , the ways of d e s t r o y i n g and r e c r e a t i n g t h i s c en tre by 
hea t t reatment , vacuum r e d u c t i o n and c u r r e n t passage 
p r o c e s s e s v e r y c l o s e l y e s t a b l i s h e d tha t type-A l i n e s were 
due to oxygen v a c a n c i e s w i t h trapped e l e c t r o n s . 
2 . V a l e n c y change of c o n s t i t u e n t c a t i o n s of YSZ 
The assignment of the t y p e - B s p e c t r a observed i n as 
grown samples has not been e a s y . T h i s - w a s because of i t s 
i 
s t r u c t u r e l e s s , a symmetr i ca l appearance . The s t a b i l i t y of 
i t s behaviour d e s p i t e heat treatments shows t h a t i t i s not 
a c o l o u r c e n t r e and a l lowed us to c o n s i d e r t h a t the most 
probable candidates were the t r a n s i t i o n metal ions Zr^+ or 
Y + . C o n f i r m a t i o n of the presence of these ions might come 
from the o p t i c a l a b s o r p t i o n s p e c t r a . U n f o r t u n a t e l y 1+d ions 
are not observed as e a s i l y as r a r e e a r t h or 3d ions as sharp 
and narrow bands . 
135. 
•> • Gpnduction e loctpg.m_ o £ r - me t a l 
From the e.p.r. p o i n t of view the o n l y major d i f f e r e n c e 
between as grown and "blackened m a t e r i a l was the. occurrence of." 
a s i n g l e type-C l i n e , whose i n t e n s i t y increased w i t h i n c r e a s -
ing a p p l i e d current d e n s i t y . I n t e r p r e t a t i o n of t h i s l i n e 
seemed t o be more reasonable i f i t i s assigned as due to 
conduction e l e c t r o n s , most l i k e l y of Zr-metal. 
^^..•gtjudy; °."£ _Vn®. o p t i c a l p r o p e r t i e s showed t h a t : 
1 • ^.ft. P,?„gPP^jsnt._<tabsorp 11on eage 
Non-linear s h i f t s of the absorption curves v/ere obs-srved 
f o r the blackened m a t e r i a l compared w i t h the absorption edge 
p o s i t i o n f o r the as grown c r y s t a l s . Explanation of these 
s h i f t s as due t o a change i n p o s i t i o n of the genuine absorp-
t i o n edge i s not tenable because the c r y s t a l l a t t i c e para-
meter i s known t o remain u n a l t e r e d . 
However, a p a r a l l e l can be found, i n the way t h a t the 
"change" d u r i n g the blackening, e f f e c t i n g the i n t e n s i t y 
increment of the type-C l i n e and the s h i f t of the o p t i c a l 
a b s o r p t i o n curves with, i n c r e a s i n g c u r r e n t d e n s i t y i s due t o 
the same o r i g i n . That i s , both observations from the two 
d i f f e r e n t methods (epr and o p t i c a l ) can be considered t o be 
due t o the same "cause." 
^ • Transmission minimuma^in^th^near I.R. wavelength r e g i o n 
allowed the same unchanged Debye temperatures i n room temper-
ature t o be c a l c u l a t e d f o r both as grown and blackened 
c r y s t a l s . However there was broadened appearance of the 
abso r p t i o n band in. the case of blackening which may be 
a t t r i b u t e d due t o p e r t u r b a t i o n by the conduction e l e c t r o n s . 
On the other hand the e x t r a band observed at 1080 crn 
( 0,(IR) =: -1050 °K) does not seem r e l a t e d w i t h Zr-rnetal. 
Because Debye temperature of Zr-metal i s 292°K see K i t t e l 
(•19C£), p. 180. 
3- ' ^ g ' f l e c t i v i t ^ i n the; v i s i b l e r e g i o n does not change f o r s.c, 
grown and currf-iiit blackened c r y s t a l s . 
Previous work Caaijc-lton et 51,(1971) i n d i c a t e d t h a t 
"blackening might "be associated w i t h the f o r m a t i o n of c o l l o i d a 
p a r t i c l e s of Kr-metal. I n 'blackened samples pronounced 
o p t i c a l s c a t t e r i n g was observed. 
Thus a major o b j e c t i v e was t o see whether t h i s c o l l o i d a l 
model could e x p l a i n the e.p.r. and o p t i c a l r e s u l t s . Before 
attempting t h i s , i t i s h e l p f u l t o keep i n mind the r e s u l t s 
from complimentary experiments r e l a t i n g t o the nature of 
blackened YSZ. 
These r e s u l t s are summarized below. 
"1 • U l t r a s o n i c measurements 
The _ e l a s t i c constants of as grown Y3_Z_ vve_r_e found from 
u l t r a s o n i c measurements Pace et a l . (19&9). 
Recently, the corresponding e l a s t i c constants have been 
measured i n a c u r r e n t blackened 8 mole % YSZ s i n g l e c r y s t a l 
by J. 3. Ross and T. M. Fa r l e y by the u l t r a s o n i c pulse 
s u p e r p o s i t i o n technique. The e l a s t i c constants are the same 
f o r as grown and blackened m a t e r i a l . The. u l t r a s o n i c data 
also confirms t h a t the l a t t i c e is- uncha-ng-ed and hence 
i n d i c a t e s that, i n the o p t i c a l work, the p o s i t i o n of the 
genuine band edge should remain unaltered on blackening. 
2» "P i e 1 e c t r i c c o ns t a n t 
D i e l e c t r i c constant measurements have been moidc-j by 
J. S. Ross and I I . M. Buckley on as grown and blackened YSZ. 
I n as grown m a t e r i a l measurements at 10 lis snowed t h a t 
the r e l a t i v e d i e l e c t r i c constant € i s about 32 f o r "both 
8 and 12 mole % YSS. There was ho.vever a considerable 
1 37. 
v a r i a t i o n between nominally i d e n t i c a l as grown sampl^s „ 
Other measurei-ients made by microwave methods at 35 CrH.s 
show t h a t on blackening; the d i e l e c t r i c constant increrises 
very considerably e.g. from about .'j.0-50 f o r an as grown 
s i n g l e c r y s t a l t o about 100 a f t e r c u r r e n t blackening. The 
i n t e r e s t w i l l be to see i f the increase in£ i s c o n s i s t e n t 
r 
w i t h the p o s t u l a t e of the f o r m a t i o n of m e t a l l i c p a r t i c l e s 
w i t h i n the d i e l e c t r i c . 
An expl a n a t i o n of absorption curves f o r blackened 
m a t e r i a l can be suggested. Assume t h a t the c o l l o i d a l 
p a r t i c l e s are Zr-metal. At very low c u r r e n t d e n s i t i e s the 
p a r t i c l e s i z e w i l l be small« As the current d e n s i t y 
increases, the p a r t i c l e size w i l l tend t o increase and the 
r e s u l t w i l l be a d i s t r i b u t i o n of p a r t i c l e s i z e . 
The e f f e c t s of p a r t i c l e size on absorption and s c a t t e r -
ing c h a r a c t e r i s t i c are discussed by Savostianova (1930) who 
applied the Mie (1508) theory to the case of c o l l o i d a l 
sodium i n rock s a l t and obtained the curves f o r absorption 
and s c a t t e r i n g shown i n f i g u r e ( 7 . 1 ) . 
The suggestion i s t h a t i n the blackened c r y s t a l we are 
observing the r e s u l t a n t of a genuine abso r p t i o n curve on 
which a s c a t t e r i n g curve i s superimposed, f i g u r e ( 7 . 2 ) . 
Tv'here (a) i s the absorption curve of the as grown m a t e r i a l 
(see f i g . ( 6 . 1 ) ) , ( b ) i s the s c a t t e r i n g curve of current 
blackened m a t e r i a l , (see Casselton et a l . ( i 9 7 i ) f i g u r e (7) 
and ( c ) i s the absorption curve of the blackened m a t e r i a l 
w i t h the lov/est c u r r e n t d e n s i t y (see "f i g * ( 6.1 0 ) ) . 
The apparent s h i f t of ( c ) t o longer wavelengths at 
higher c u r r e n t d e n s i t i e s can be explained by assuming t h a t 
the p a r t i c l e size increases and that the width of the 
Pig. (7 .1 ) 
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s c a t t e r inn; curve; (h) a]:;o inci'caf.'.od tov/ardrj the lor;'''-,r 
wavelength side. The v a l i d i t y oi' t h i s explanation depends 
on the magnitude of the s c a t t e r e d intern:i. fcy. Time har; not 
p e r m i t t e d t h i u to he measured .y'.-t hut the i n t e g r a t i n g sphere 
method of Bast i n et a l . (1959) v;ould form the hasirj of the 
experiment. 
APPENDICES 
APPENDIX - -1 
L a t t i ce Par sinetors 
X~Ray d i f f r a c t i o n photographs were obtained w i t h a 
11 J-|. cm Debye-Schrerrer camera on a P h i l l i p s d i f f r a c t i o n 
u n i t using Cu Kix r a d i a t i o n w i t h a Mi f i l t e r . 
Single phase cubic f l u o r i t e - t y p e s t r u c t u r e s were 
observed f o r both compositions of (8 and 12 m/o) YSZ i n 
as grown, c u r r e n t blackened, oxygen heated and vacuum 
reduced specimens. 
The l a t t i c e ; parameters were observed by measuring 
d i f f r a c t i o n l i n e s w i t h 2Q > 115°. Results were computed 
_f.o.r. both (^ ) and -(X,) components w i t h the- computer 
•programme ( w r i t t e n by M. 0. George, M.Sc, Department of 
Geology, U n i v e r s i t y of Durham) based on the Nelson and 
R i l e y e x t r a p o l a t i o n and the l e a s t squares method. This 
included standard d e v i a t i o n s i n the f i n a l r e s u l t . 
8 m/o Y3Z: (as grown) 
c r y s t a l L a t t i c e parameters 
S1 0 
1! 
a(/V| ) = 5.1392 ± 0.0002 A° 
a(A2) = 5.1392 i 0.0008 A° 
1A2(2) 
tr 
a(7i'. ) 1= 5.1386 i 0.0008 A 0 
a(A2) 5.138? i 0.0017 A 0 
1A3 
I! 
a(Al ) = 5.1375 ± 0.0006 A° 
a(A2) = 5.1368 i 0.0009 A 
a(average) = 5.138 0.001 A° 
Unit c e l l £ size c a l c u l a t i o n h.y hand f o r the as 
1A3 i s 
a =: 5.139 A 0 
12 m/o YSZ (as grown) 
c r y s t a l L a t t i c e parameters 
2A1 ii a(?v1 ) =: 5.1 U67 C.0009 A
0.. .. 
aU2) = 5.1 U8U ± 0.0013 A° 
a(average) = 5.1U85 ± 0.001 A 
Ca l c u l a t i o n hy hand (same c r y s t a l ) 
a = 5.14? A° 
o 
8 m/o YSZ: (baked i n oxygen) 
Conditions: 175 cc/ra, f o r 4 hrs t , at 960°C. 
colour: white and grey 
144 
c r y s t a l s 
S7(1 ) (White) 
37(2) (Grey) 
i i i i 
L a t t i c e parame t ers 
a(>1 ) = 5.1403 ± 0.0006 A° 
a(*2). - 5.1401 i 0.0020 A 
a(>\1 (A ) = 5.1 397 ~ 0.001 0 A" 
(A2) = 5.1402 ± 0.001 0 A° 
a(average) = 5.140 * 0.002 A° 
Result: 0.03% change does not seem r e l i a b l e increase 
according t o the standard d e v i a t i o n — 0.002 A 0 
12 m/o Y3Z (baked i n oxygen) 
Conditions: 75 cc/m. f o r 3.5 h r s . a t 10S5°C 
Colour: w h i t e . 
c r y s t a l L a t t i c e parameters 
8-9(1 ) a(>1 ) = 5.11*86 •* 0.0006 A 0 
a(A2) = 5.1493 ± 0.0014 A 
a(average) = 5.1489 ± 0.0014 A 0 
Result: no change observed. 
Ui. 
8 m/o YtJZ (vacuum reduced.) 
Conditions 
Colour: 
c r y s t a l 
32(1 ) 
1-2 x 10 ^ innil-lg, a t 2200 i2p°c f o r 2,5 
h r s . (heated i n a i r at £>00JC f o r 6 h r s . 
before vacuum r e d u c t i o n ) . 
S^ev 
L a t t i c e parameters 
a(/M ) = 5.133.L|- ± 0.0012 A° 
a (A 2) .-= 5.1378 ± 0.0007 A 
a(average) = 5.1381 ± 0.0012 A° 
Result: no change observed on l a t t i c e parameter. 
12 m/o YSZ (vacuum reduced) 
Conditions: e x a c t l y same as S2(1 ) 
c r y s t a l L a t t i c e parameter 
. 312 aO|1 ) == 5.1il-88 ± 0.0011 A° 
a fe2 j = 5.-1 U86 i 0.0003 A 
a(average) = 5.1U87 ± 0*0011 A° 
Result: no change observed on l a t t i c e parameter. 
1 U.G. 
8 m/o YSZ (current, blackened) 
C r y s t a l : 1A1ij.j 
tp 
Conditions: -lA/cm" at 800°C f o r 35 h r s . i n argon gas 
f l o w . 
L a t t i c e parameters 
a(*1 ) == 5.1399 ± 0.0013 A° 
a(*2 ) = 5.1 398 0.001 O A° 
a( average) = 5.1399 0.0013 A 
C r y s t a l : 1A1itfi 
Conditions: 5A/cm , 15m, 800°C, i n argon. 
L a t t i c e parameters 
a(X| ) = 5.1397 ± 0.0008 A° 
aC*2) = 5.1396 ± 0.0007 A 
a(average) = 5.1396 ± 0.0008-A-0--
Result: No noticeable changes have been observed on the 
l a t t i c e parameters due to the c u r r e n t blackening. 
Conclusions 
1 . I^or both 8 and 12 m/o YSZ no notic e a b l e u n i t c e l l s i z e 
change has been observed among the as grown, c u r r e n t 
blackened, vacuum reduced or oxygen heat t r e a t e d w i t h i n 
the accuracy l i m i t of — 0.001 A 0. 
2. For both types of c r y s t a l s , no e x t r a l i n e s due t o the 
zirconium metal have ever been observed, although t h i s 
had been seen f o r h e a v i l y blackened p o l y c r y s t a l l i n e 
y t t r i a - z i r c o n i a by Casselton and Watson (1966c), The 
a d d i t i o n of zirconium metal t o 8 m/o Y3Z showed t h a t 
Zr d i f f r a c t i o n l i n e s can only "be noti c e a b l e f o r more 
than 5/o of zirconium metal. This shows t h a t the X-Ray 
d i f f r a c t i o n technique i s not very s e n s i t i v e . We have 
also been l i m i t e d by the highest value of curr e n t 
d e n s i t y t h a t could be app l i e d . 
3. The l a t t i c e parameters f o r both two c r y s t a l s are i n 
good agreement w i t h the values obtained by Duwes e t . a l . 
(1951), S t r i c k l e r and Carlson (1965), J. Lefevre (1963), 
Baukal and Scheidegger (1968). 
1 
APPENDIX - 2 
TABLE-1 
A la r g e piece of "black opaque as grown 12 mole % 
YSZ c r y s t a l was cut; i n t o three p a r t s which were 
heated i n oxygen, argon and vacuum. The co n d i -
t i o n s are given below. 
^ TO (c°/rc) ~ Kf ( & ? ) _ _ R e s u l _ l _ 
2AU (as grown) black,opaque 
2Ah.a 75 1075 3.5 + 1 wh i t e , 
t r a n s l u c e n t 
2AU.T3 75 1075 3.5 + 1 black, 
y e l l o w i s h 
transparent 
2Ak.c S 1075 3.5 + 1 black, 
s l i g h t l y 
transparent 
2Ak.aa "(75) 101+5 3 .5+ 00 w h i t e — g r e y 
2A^.ab (75) 900 2.5+ 00 w h i t e — w h i t e 
Results: 
I t i s p o s t u l a t e d t h a t the colour centres causing the 
c r y s t a l s ' opaqueness are a f f e c t e d by the heat treatment i n 
the f o l l o w i n g way. 
• ( a ) Heating i n oxygen causes oxygen atoms t o f i l l the 
vacancies, as oxygen ions, a t the expense of 
trapped e l e c t r o n s (P-cen.tres ) . 
( b ) Heating i n argon i n d i c a t e s t h a t a very small 
amount of oxygen, ( l e a k i n g through the furnace 
or i n the argon gas i t s e l f ) causes an e f f e c t 
s i m i l a r t o ( a ) which may be explained as a very 
e a r l y stage o f whitening. 
149. 
( c ) Heating i n vacuum show:.; t h a t temperature alone i s 
not e f f e c t i v e f o r the release of centres or 
a l t e r n a t e l y t h a t i t io e f f e c t i v e hut the e l e c t r o n s 
released are trapped again. 
The tendency of the sample t o absorb oxygen at high 
temperatures may also be i n d i c a t i v e of the excess 
of oxygen vacancies i n i t i a l l y present. 
( d ) F i f t h sample shows t h a t a p r e v i o u s l y oxygen heated 
whitened sample (2A4.a) i s heated i n vacuum, i t s 
colour becomes grey, i n d i c a t i n g t h a t the newly 
created colour centres may be a t t r i b u t e d t o the 
f o l l o w i n g r e a c t i o n . 
0 2 " — P . 0 2 + 2e 
The e l e c t r o n s would be trapped i n the vacancies 
2_ ....... 
which were l e f t by 0 l e a v i n g the sample as 0 2. 




A piece of blac k opaque as grown 8 mole % YSZ 
c r y s t a l was cut i n t o three, and heated i n 
oxygen, argon and vacuum. The co n d i t i o n s are 
given "below. 
Oxygen Argon Temo. Time Result 
Sample (cc/m) (cc/m) V a c u u m (° 0) ( h r ) ( c o l o u r e t c . ) 
1A1 (as grown) black, opaque 
1A1 .a 75 1 075 3.5 w h i t e , t r a n s l u c e r 
1A1 .b 75 1075 3 .5 -t-1 b l a c k y e l l o w i s h 
transparent 
1A1 .c 1075 3.5 +1 black, s l i g h t l y 
transparent 
Result: 
The statements given f o r Table-1 of 1 2 mole % YSZ 
are aj-so v a l i d f o r t h i s 8 mole % YSZ .-
1 
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T A B L E - 3 
The h o a t t r e a t m e n t o f 12 mole % YSZ s a m p l e u i n 
o x y g e n . 
S ample Oxygen 
( c c / m ) 
Temp. 
( ° o ) 
Time 
( h r s . ) R e s u l t 
2.A2 ( A s g r o w n ) M a c k , opaque 
2 A 2 . a 25 5^5 2 . 5 + 1 I I I I 
2 A 2 . a a ii 675 2 . 5 -i- e i * > I I ii 
2 A 2 . a h ii 800 •1 oo I I I I 
2 A 2 . B C !l 900 •i oo I I I I 
2A2".ad I I 7000 I I oo w h i t e , " b l a c k i s h 
p a r t s l i g h t l y 
t r a n s p a r e n t 
2 A 2 . a e I I 1 050 I I OO W h i t e + g r e y 
t r a n s l u c e n t 
2 A 2 . a f I I 11 00 I I OO C o m p l e t e l y w h i t e 
t r a n s l u c e n t 
2 A 2 . a g I I 1 080 il oo - W h i t e + g r e y 
t r a n s l u c e n t 
( * ) i n d i c a t e s t h a t t h e s a m p l e s w e r e l e f t u n d e r the o x y g e n 
f l o w i n t h e f u r n a c e u n t i l t h e t e m p e r a t u r e d r o p p e d t o 
the room t e m p e r a t u r e a f t e r t h e h e a t t r e a t m e n t . 
R e s u l t : f o r a f i x e d o x y g e n f l o w r a t e and t i m e , t h e s a m p l e s 
•2 
( a p p r o x . 50 mm. ) w e r e c o m p l e t e l y w h i t e n e d a t 
t e m p e r a t u r e 1 1 0 0 ° C . 
APPENDIX - 3 
F o r t h e c o n v e r s i o n "between t h e c a v i t y s c a l e and the 
magnet t u r n t a b l e , t h e f o l l o w i n g f o r m u l a was d e r i v e d . A c c o r d -
i n g t o t h e F i g u r e ( A p p , 1 ) and the s y m b o l s g i v e n b e l o w , i t 
c a n be s e e n t h a t : 
G^tCpi Two c r y s t a l f a c e r e a d i n g s e , g . [ j Ooj on t h e 
c a v i t y s c a l e . 
, Dp: Two datum l i n e r e a d i n g s on t h e c a v i t y s c a l e . 
Mo : The magnet s c a l e r e a d i n g when the datum l i n e 
i s p a r a l l e l to t h e p o l e p i e c e s . E x p e r i m e n -
t a l l y i t was f o u n d 0%'"\ . 
M : T h e magnet s c a l e r e a d i n g when t h e m a g n e t i c 
f i e l d i s i n t h e r e q u i r e d c r y s t a l d i r e c t i o n . 
The c a v i t y s c a l e i n c r e a s e s c o u n t e r c l o c k w i s e w h i l e 
magnet s c a l e i n c r e a s e s i n t h e r e v e r s e w a y . 
The a n g l e , 6 Q , b e t w e e n t h e c r y s t a l o r i e n t a t i o n and the 
m a g n e t i c f i e l d i s : 
e o = 9 0 ° - ( D l - 0 l ) 
Any a n g l e , t-j, d e v i a t i o n o f t h e m a g n e t i c f i e l d f r o m [l OOj 
d i r e c t i o n , c o u n t e r c l o c k w i s e w i l l r e s u l t : 
e 1 * e o - (M - Mo) 
0 1 * 90 - ( D 1 - ) - (M - Mo) 
f o r t h e r e q u i r e d ( j l OOj + 0^ ) c r y s t a l d i r e c t i o n , the magnet 
r e a d i n g M b e c o m e s , s u b s t i t u t i n g ]&o = 0 
H ( 0 J ) ) = 90 - 0 1 -• ( D 1 - G 1 ) 
1 5 3 . 
i n the s p e c i a l c a s e o f 90 - 8^  "becomes z e r o , the magnet l i e s 
a l o n g ( [ T o o ] + 9 0 ° ) a n o t h e r f o u r f o l d d i r e c t i o n , B O MpOO"] 
M [100] = -(JX, - C 1 ) 
I n f a c t , i n p r a c t i c e , we used a k i n d o f " a l i g n m e n t a i d " 
"based on k h i a f o r m u l a i n o r d e r to make the c a l c u l a t i o n s 
e a s i l y and q u i c k e r . 
J\5U 
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APPENDIX - h 
The m a g n e t i c f i e l d v a l u e B,... a t w h i c h DPPH E P R was 
o b s e r v e d , "was c a l c u l a t e d a c c o r d i n g t o t h e e q u . ( l . 8 ) and 
u s i n g the f o l l o w i n g n u m e r i c a l v a l u e s 
h 6 .6252 x l O " 3 ^ j o u l e , s e c 
^ = 3 5 . 5 GHz. r e s o n a n c e f r e q u e n c y 
g D = 2 . 0 0 3 6 ( H o l d e n e t . a l . ( 1 9 5 0 ) ) 
P = 9 .2732 x l O " 2 ^ J o u l e . m2.Wh"'"1 
The m a g n e t i c f i e l d B ^ i s f o r DPPH l i n e i s f o u n d t o "be 
B D = 1 . 2 5 5 9 T e s l a . 
I f e q u . ( l . 8 ) i s w r i t t e n t w i c e f o r "both DPPH and the sample 
r e a r r a n g e m e n t g i v e s , f o r the same f r e q u e n c y v a l u e the 
g - v a l u e o f t h e . sample 
i . e . g = g y O + ( B - B D ) / B D ) 
w h e r e ; 
g : The g - f a c t o r to he c a l c u l a t e d o f t h e 
sample , f o r s e v e r a l m a g n e t i c f i e l d 
o r i e n t a t i o n s . 
B - B ^ : The m a g n e t i c f i e l d d i f f e r e n c e "between 
t h e sample and t h e DPPH r e s o n a n c e s . 
I n the f o l l o w i n g f o u r t a b l e s t h e n u m e r i c a l d e t a i l s o f 
t h e a n i s o t r o p i c t y p e - A l i n e s a r e g i v e n w i t h t h e c a l c u l a t e d 
g - v a l u e s o f as grown ( l A 1 0 a ) i n two p e r p e n d i c u l a r ( 1 0 0 ) -
p l a n e s . 
The f^-valucf j o f tW; u p i ^ r c u r v e o f F i . f i . ( . 5 . 4 ) 
( B - B ) 
:hcs mT 
Gry.vtal Fie ld , 
ci c i (;n ta !• .i on or i c.ij t:11". j on 
p i g 
[100] 
£1 
v a l u e 
130 4 45 .2 1 .935 
1^0 3 . ? 1 .948 
1 50 2 . 65 2 9 . 9 1 .957 
155 2 . 5 28.3 1 .960 
1 60 2 . 4 27.1 1 .962 
1 6'5 2 . 3 2 S . 0 1 .963 
1 .963 170 2 . 35 •> ^ 1 o . o 1 ao 2 .65 2 9 . 9 •1 OK7 1 • J I 
190 3 .25 36 . 7 1 .947 
200 3 .9 44.1 1 .936 
21 0 4 . 8 54.2 1 .921 
220 4 . 0 4 5 . 2 1 .935 
T A B L E - 2 
The g - v a l u e s o f t h e l o w e r c u r v e o f F i g . ( 3 . 4 ) 
C r y s t a l F i e l d 
o r i e n t a t i o n o r i e n t a t i o n 
( B 
i n c h e s - V 
[ j 1 oj 
[100] 
g 
v a l u e s 
130 5 .8 65.5 1 .905 
140 6.3 71 .2 1 .897 
1 50 
160 
6 .8 76.8 1 .889 
7.4 83.6 1 .879 
165 7 . 2 81 .4 1 .883 
1 80 7.1 80.2 1 .884 
190 6.4 72 . 3 1 .895 
200 5 .9 66.7 1 .903 
21 0 4 . 8 54.2 1 .921 
220 4 . 0 45 .2 1 .935 
1 
1 5 7 . 
T A B L E - 3 
The g - v a l u e s o f t h e upper' c u r v e o f F i g . ( 3 . 5 ) 
C r y s t a l 
o r i e n t a t i o n 
F i e l d 
o r i e n t a t i o n 
( B 
i n c h e s - V u mT 
g 
v a l u e s 
[ 6 1 0 ] 














4 . 5 
4 . 1 
3 -4 
2 . 75 
2 . 3 
2 .3 
2 . 4 
2 . 7 
3 . 1 5 
71 .2 
r -> -j 
5 0 . 8 
4 6 . 3 
3 8 . 4 
31 .1 
2 6 . 0 
2 6 . 0 
2 7 . 1 
3 0 . 5 












T A B L E 
The g - v a l u e s o f t h e l o w e r c u r v e o f F i g . ( 3 . 5 ) 
C r y s t a l 
o r i e n t a t i o n 
F i e I d 
o r i e n t a t i o n 
( B S i n c h e s • - v mT 
g 
v a l u e s 
[016] 
[ o i { ] 
320 2 . 8 31 .6 1 .955 
330 3 . 5 39 .6 1 .943 
340 4 .55 51 .4 1 .926 
.350 5.1 57 .6 1 .916 
360 5 .7 64 .4 1 .907 
10 • 6 .7 72 . 3 1 .891 
20 6 .8 76 .8 1.889 
30 7 .35 82.1 1 .880 
40 7 . 0 79.1 1 .886 
50 6 .45 7 2 . 9 1 .895 
6 0 . 5 .65 63 .8 1 .907 
70 4 .45 50 .3 1 .927 
REPEHEBCES 
1 60 . 
R E F E R E N C E S 
A'bragarn, A . , and B l e a n e y , D . , 1 9 7 0 , E l e c t r o n Paramagne t i c 
R e s o n a n c e o f Tranu: i . t i .P IT ._ j j>nn~" lOxfbr -oT C l a r e n d o n 
P r e s s ) . ~ -— -
, P r y c e , M. E . L . T 1 9 5 1 , P r o c . R o y . H o c , A20Jj , 135 
A c k e r m a n n , R . J . , and T h o r n , R . J " . , 196k, Symposium on High. 
T e m p e r a t u r e Techno lo foy , ( B u t t e r w o r t h J 
Adams, S . K . , and C a s s e l t o n , R . E . W . , 1 9 7 0 , J . Am. C e r a m . 
S o c , , 1 1 7 . 
A d l e r , D . , 1 9 6 8 a , S o l i d S t a t e P h y s i c s , y o l . 2 l _ , E d . P . S e i t a , 
D . T u r n b u l l ( N . Y . , A c a d e m i c " p r e s s J , p.1 . 
, 1 9 6 8 D , R e v . Mod. P h y s , hO, 71 k . 
A h r e n s , L . H . , 1952, G e o c h i r n i c a , e t . C o s m o s c h i m i c a . 
A c t a , 3 , 1 . 
A l p e r , A . M . , 1970, H i g h T e m p e r a t u r e O x i d e s , ( N . Y . , A c a d e m i c 
P r e s s ) " " 
A l ' t s c h u l e r , S . A . and K u z y r e v , B . M . , 196/-I-, E l e c t r o n 
Paramaflne t i c Res o n a n c e , }i!d. C . P"".""PooTe, Jr . 
( I l 7 . Y . , A c a d e m i c P r e s s J 
A n t h o n y , A . M . , 1965, C . R . A c a d . S c . P a r i s , 260, 1936. 
A s s e n h e i m , H . M . , 1966, I n t r o d u c t i o n to_ E 5 R ( L o n d o n , 
H i l g e r and Y / a t t s L t d " . ) "p.l"5l7 65. 
B a r k e r , V/. V i ' . f 1967, M a t e r i a l S c i e n c e and E n g i n e e r i n g , 2 , 
208. 
, ' . V i l l i a m s , L . S . , 1968, J . A u s t r a l i a n C e r a m . S o c . j 
U, 1 • 
B a u k a l , V / . , and S e h e i d e g p - e r , 1968, B e r . D e n t . K e r a m . G e s . 
U5, 611 . 
E a u e r l e , J. K . , 1969, J . P h y s . Che-a. S o l i d s , 3 0 , 2657. 
, H r i z o , J . , 1969. J . P h y u . C h e w . S o l i d s . , £0, 565. 
E a u r , and P r e i s , H „ , 1^37, £ . " S l a k t r o c h e r j . , k^t 7 2 7 . 
B e n d o r a i t i s , J . G . and S a l o m o n , R . K 3 . . , 1965, J . F h y s . 
C h e n . , fig, 3666. 
Be t h e , V I . , 1 9 2 9 , A n n . P h y s . 3 , 1 3 3 , 
Be van, D. J . U. e t a l . , 1 9 6 5 , R a r e ;va r t h Re :j e a ir- c i! I I T . , 
e-1. L . E y r i n ; . 1 : ( N . Y . , G o r d o n a n d ^ i r e a c h j 
B l a c k m a n , i t . , 1 9 5 5 , Handhuch dor P h y s i k , v o l . 7 . E d . 3 , F l u g g e 
( B e r l i n , S p r i n g or vVrlagJT" P a r ,' t"~1~i p"-375. 
B l e a n e y , B . , 1 9 5 1 , P h i l . I±2, l\MA . 
\, O ' B r i e n , M. 0 . M , , 1 9 5 6 , P r o c . P h y s . S o o . , B_69, 1 2 1 S . 
B o n c h B r u e v i c h , V . L . , 19-56, The E l e c t r o n i c T h e o r y of 
H e a v i l y Doped '3ehii;cqilau"ct'qrs . " ( K . Y . , E l s e v i e r ) 
B o r n , and K u a n ^ , K . , 1 95-J-i-, D y n a m i c a l T h e o r y o f C r y s t a l 
L a t t i c e s , ( O x f o r d , C l a r e n d o n Presi")','"p 7i~23. 
B o w e r s , K . D . , and Owen, J „ , 1 9 5 5 , K e p t . P r o g r . P h y s , 1_8, 2 OAj.. 
B o w r i n g , C . S . , S m i t h a r d , ]•.'. A . , C o u s i n s , j r . E . y 1 9 7 1 , 
P h y s . S t a t . S o l . ( h ) , k3, 6 2 5 . 
B r a y , D . J . , and M e r t e n , U , , 1961+, J . E l e c t r o c h e m . S o c , 
111, kkl. . 
B r i s s e , F., and K n o p , 0 . , 1967, C a n . J . C h e r a . , i+5, 609 . 
B r u n e r , G - . , and G r a d i n g e r , H . , 1 9 5 1 , N a t u r w i s s e n a c h a f t e r , 
.38, 5 5 9 . 
B u r t o n , C , 1967, U n s u b m i t t e d 1,1.Sc. T h e s i s , U n i v e r s i t y o f 
D u r h a m . 
C a i l l e t e t a l . , 1968 , R e v . I n t . Temp. e t . R e f r a c t . , 173-
C a l l a w a y , J " . , 1 9 6 ^ , E ne r gy 3 and The or y , ( j > T . Y . , A c a d e m i c 
P r e s s ) 
C a a s e l t o n , R . 5 . ; ;V. , 1968a, S l e o t r i c i t y f r o m MHD, V o l . 5 
( V i e n n a , I . A . E . A . 7 p7?951 ™~ 
, 1968b, e_ .m._f_?.Ieasurements _ i n . High T e m p e r a t u r e 
S y s t e m . E d . ' G . B.~ A1 c o c k ("London," i n s t 7 o f 
iTining and M e t a l l u r g y ) 
, vVatson, i i . D . 3 . , 1 f-:68c, S c i e n c e of C e r a m i c s . 
I j . , 3U9. 
C a s s e l t o n , R . S . 77., 1 9 7 0 , P h y s . S t a t . S o l , A S , 5 7 1 . 
, T h o r p , J . S . , W r i g h t , D . A . , 1 9 7 1 , F r o c . B r i t . 
C e r a r a . S o c , Ho. 1 9 , 2 6 5 . 
C o l l o n s u e s , R . e t a l . f 1 9 6 i , B u l l . S o c . Chi i : i . F r a n c e , 1_, 7 0 . 
, 1965 , B u l l . 3 o c . G h i i n t F r a n c e , , 1 1 4 0 . 
C o n l o n , D . , and D o y l e , V:. P . , 1965 , J . Cheni. P h y s . , 42 , 4 3 1 5 
C o t t o n , F„ A . , and ' -Vi l l t i r . son , G . , 1962 A d v a n c e d I n o r p;an i c 
C h e m i s t r y , ( l \ r . "Y . , I n t e r s c i e n c e ) " ~" ~ 
C o u l l o u & h , J . D . and B r i t t o n , J . D . , 1 9 5 2 , J . Am. Cerarn . 
3 o c - » Ik* 5225 . 
C o u s i n s , J . E . and D u p r e e , H . , 1 9 6 5 , P h y s . L e t t e r s , 4 6 4 . 
D a v i s , E . A . , and Shaw, R . F . , 1970 , J . R o n - c r y s t a l l i n e 
S o l i d s , 2 , 4 0 6 . 
D a v y d o v , A . S . , 1968 , P h y s . S t a t . S o l . , 2_7, 5 1 . 
D e x t e r , D . L . , 1967 , P h y s . R e v T L e t t . , 19, 1 3 8 3 . 
D i e t z e l , A . , and T o h e r , H . , 1 9 5 3 , B e r . D e u t . K e r a m . G e s . , 
3 0 , 4 7 . 
D i r a c , p . A . M . , 1930 , The P r i n c i p l e s o f Quantum M e c h a n i c s , 
( O x f o r d , U n i v . P r e s s " ) . "" 
D i x o n , J . K . e t a l . , 1 9 6 3 , J . E l e c t r o c h e m . 8 0 c . , 1 1 0 t 2 7 6 . 
Dow, J . D . , and R e d f i e l d , D . , 1970 , P h y s . R e v . , B1_, 3 3 5 8 , 
D o y l e , ••/. T . , I n g r a m , D . J . 3 . , S m i t h , M. J . A . , P r o c . 
P h y s . S o c . , 7 4 , 5 4 0 . 
D u n c a n , and S c h n e i d e r , E . 7i., 1964, Prpc , . .„„7th C o n f . on 
S e in i c o n d uc t or s , (D un0d, P a r i s ) p , Tl~71 
Duwez, P . , O d e l l , "A H . , 1950, 0". Am. C e r a m . 8 0 c , 3.3, 2 7 4 . 
. , O d e l l , F . H . , 1 9 5 1 , J . S l e c t r o c h e m . S o c . 98 , 3 5 6 . 
D y s o n , F . J . , 1 9 5 5 , P h y s . R e v . , 349 . 
E l l i o t t , K . J . , 1954 , P h y s . R e v . , £ 6 , 2 6 6 . 
F a l i c o v , L . M . , 1 9 7 1 , S e m i c o n d u c t o r m e t a l and l . i a g n c t i c Phtiotv 
T r a n s i t i o n s i n T r a n s i t i o n i.ieta.1 and Hare E a r t h 
Coinpounda. ( M o n t r e a l , C a n a d a , MC H i l l Bummer S c h o o l 
on Semiconductor: - . } ) . 
P e h e r , ft., and K i n , A , P . , 1 9 5 5 , P h y p . R e v . , 9 8 , 3 3 7 . 
F i s h e r , \7. A . , 1 9 7 0 , Z . P h y s . Chem. ( F r a n k f u r t ) 69 ( 1 - 2 ) , 1 1 . 
F o e x , >£. , and R o u a n e t , A . , 1 9 6 / , C . R . A c a d , S c i . P a r i s , 
264 , 9 4 7 . 
F u - k a n g F a n , K u s n e t s o v , A . K . and K e l l e r , E . K . , 1 9 6 2 , 
l a v . A k a d . Nauk . SS3R, O t d . Khivn, Nauk, J - o . 7 , 
p . 1 1 4 1 . 
4 , K u s n e t s o v , A . K . and K e l l e r , E . K . , 1963 , 
I z v , A k a d . F a u l t . S S S R , O t d . K h i r a . Naum, N o . 4 , 
p . 601 . 
G e l l e r . R . F . and Y a v o r s k y , P . J . , 1945, J . R e s . N a t . B u r . 
S t d . , 35., 8 7 . 
C - e u s i c , , J . E . and B r o w n , L . C , 1 9 5 8 , P h y s . R e v . , 1 1 2 , 6 4 . 
C i o k h s h t e i n , Y a . P . , 1 9 7 0 , Tep-l -of- iz . Vys-*r-Semp., 8,- 3 9 8 . 
G r i f f i t h s , J . S . , 1 9 6 3 , The T h e o r y o f T r a n s i t i o n M e t a l ".Cons, 
( C a m b r i d g e ) , p.355, 5/9". * ~ ' 
G r i s w o l d , T . Yv . , K i p , A . P . , K i t t e l , C , 1 9 5 2 , P h y s . R e v . 8 8 , 
951 . 
G u e r o n , M . , and R y t e r , C h 4 , 196"?, P h y s . R e v . L e t t s , J5, 3 3 8 . 
G u i l l o u , M . , A s q u i e d g e , F a l o u s , 3 . , 1 9 6 8 , a i e c t r i c i t y 
f r o m H I D . V o l . 5 ( V i e n n a , I . A . S . A . ) 
H e f f e l f i n g e r , R . E . B l a s s e r , E . R . , H e n r y , S . R . , 1 9 6 4 , 
J . Am. C e r a r a . S o c . , 42, 6 4 6 . 
H e p w o r t h , M. A . , and A r t h u r , G . , 1 9 6 3 , H . H . D . . Power 
G e n e r a t i o n ( L o n d o n , I . E . E . C o n f e r e n c e " s e r i e s , I " o , 4 ) 
H e s t e r , P . , 1 9 6 5 , E l e m e n t s of^ I n o r g a n i ? j J?herr! i s t rv;, ( N . Y . , 
B e n j a m i n Press") t a b l e 5~~1 
H o c h , M . , 1 9 6 4 , J . Am. C e r a n . S o c , 4 7 , 6 3 0 . 
, Y o o n , I ! . 3 . , S i l b e r s t e i n , A . , 1967 , P r o c . B r i t . C e r a m . 
S o c . H o . 8 , 2 4 7 . 
Holland, B. .'/., 1966, Pro o. 1 4 . COIIOQn>:... Ampere, (L;'aVblyor,a) 
p . 4 6 a , "~ " " ~ ~ 
K o p f i e l d , J . J . , 1968, Comments on S o l i d S t a t e Phynics, 1_, 1 6 . 
Hand, P., 1 9 5 1 , Z. Elcktrochem., 55 , 3 6 J -
. '1952, ?•. P h y s i k . Chem., 1_9J>, 1 4 2 . 
, 1965, Ber. Deut. Eeram. Ges,, 4 2 , 2 5 1 . 
Jaeguin, M., G-uillou, i.;,, M i l l e t , J r , 1967, C.R. Acad. S c i . P a r i s , 26jj., s e r i e s c, 2101. 
J a i n , 3. C , and Radhakrishna, S., 1963, J . Phys. Soc, Jaoan, 
25 , 1 61 8 . 
Kamimura, M., 1956, J . Phys. Soc. Japan, 1_1, 1171. 
, 1960, J . Phys. Soc. Japan, lj>, 1 2 6 4 . 
Karpachev, S. V., and P i l y a e v , A. T., 1966 , E l e k t r o k h i m i y a , 
2, 1 3 3 0 . 
K i f t e l , C , 1966, I n t r o d u c t i o n to S o l i d S t a t e P h y s i c s , 
3 r d ed. ( N . Y . J o h n - / i l e y ) , p.446^ 
Kiukkola, K., and Wagner, C., 1957, J . Electrochem. Soc. 
1.04, 379. 
K l e i t z , M., 1968 , T h e s i s , Grenohle U n i v e r s i t y . 
Knight, W. D., 1951, S o l i d S t a t e Phys. Vol.2, Ed. P. S e i t z , 
D, T u r n b u l l (N.Y., AcaderaTc^PreslT) 
Kodera, H., 1964, J . Phys. Soc. Japan, 19, 915. 
Kotani, M , , 1949 , J . Phys. Soe. Japan, 4 , 2 9 3 . 
, 1960, Progr. Theor. Phys., Osaka Suppl., No.14, p.1 . 
Kramers, H. A., 1927, A t t i . Congr. P i s . Como., 545. 
Kronig, R,, 1926, J . Opt. Soc. Am., 1J2, 5 4 7 . 
Kruse, P. V/., wcOlauchlin, L . D., !.:cjuis:-ta:i, R . R . , 1963, 
3Sle tr.cn ts_ of.Infrared Technology (l".Y.. John ",/i l e y ) , 
p. 139. ~ 
Kuho, R., 1962, J , Phya. Soc. Japan., V7_, 975. 
L a n y o n , H . P . T ) . , 1 9 6 1 , Phy:3 . ttev., 13_0, 13U. 
L e f e v r e , J , , 1 963 , A n n . Chem. 8 (1 -2 ) , -117. 
L e v y , H. A . , 1936, P h y s , . R e v . , 1 0 2 . 3 1 . 
L e w i s , R . B . and C a r v e r , T . R . , 1964 , Phy. j . . R e v . L e t t e r s , 
1 2 , 6 9 5 . 
L o u p , J . P . i . U h a i l o v i c , Z . , ?.?orvan, P . , 19b'5, C / R . A c a d . 
S c i . P a r i s , 2 6 ^ , 1 0 9 . 
L o w , 1 9 6 2 , S o l i d S t a t e P h y s i c s , S u p p l . 2 , S d . P . S e i t z , 
D . Turntull""CiT."Y.' Academic 'pTessTTV-l 7 0 . 
, O f f e n b & c h e r , E . J . , 1965 , S o l i d S t a t e p h y s . V o l . l 7 , 
E d . P . S e i t z , D . T u r n h u l l , ~ r ^ . Y . 7 ~ A c a d e m i c p ' r e s s ) , p . 135 
Mahr, H . , 1963 , P h y s . R e v . 1J2, 1 8 8 0 . 
Markham, J . J . , 1966 , S o l i d S t a t e p h y s i c s T S u p p l . 8 . E d . 
P . S e i t z , D . T u r n b u l l , " T * T . Y . ~ A c a d e m i c P r e s s ) , p . 2 S l 
Matamura , 0 . , and K o g a , H . f 1963 , J . P h y s . S o c . J a p a n , 1_8, 
S u p p l . 2 , 312,. 
M c C l u r e , D. S . , 1959, S o l i d S t a t e P h y s i c s Vol«9,» S d , p . S e i t z 
D . T m - ' n b u l i ( N . Y . 7 A c a d e m i c P r e s s " ) , "p ,Li2&. 
M c L e a n , T . P . , 1960 , P r o g r e s s i n S e m i c o n d u c t o r s 5., 5 3 . 
M e t h f e a s e l , S . , and M a t t i s , D . , 1 9 6 9 . , H a n d h u c h d e r P h y s i k , 
1 8 A . 
M i e , G . , 1908 , A n n . d . P h y s i k (h), 25, 3 7 7 . 
M o r i n , P . J . , 1958, B e l l . S y s t . 'Setihv J . , 3J7, 1 W . 
Moss , T . S . , 1959, O p t i c a l P r o p e r t i e s o f S e m i c o n d u c t o r s 
( L o n d o n , B u t t e r w o r t h ) 
Mot t , N. P . , and G u r n e y , R . .•/. , 1 9 ^ 8 , SleLgtrgnic . .JPrqcesse_s 
i n I o n i c C r y s t a l s ( O x f o r d , C l a r e n d o n P r e s s ) 
K e r s t , \ 7 . , 1900 , Z . E l e k t r o c h e r a . , 6, kA . 
O ' C o n n o r , J . 7i. and C h e n , J , I I . , 1963, F h y e . R e v . , 13.0, 1790 
O l s e n , A . L . , L a Baw, K , B . and i . ' i c h o l s , L . ' ; / . , 1 96I4., 
J . O p t . S o c . A m . , 5U, 813 . 
1 6 6 . 
O r t o n , J , "./., -1959, ^ c p t . P r o / ^ r . P h y s . , 22, 20a. 
P a c e , J'T. G . at a l . , 1 9 6 9 , J . i.lP t e r . ' . a l ocLes i c ' ; , 4 , 1 1 0 6 . 
P a k e , G . TC., 1962, P a r a m a g n e t i c _ Resonance. ( K . Y . , B e n j a m i n ) 
P a u l i n g , I . . , 1927, J . -Am. C o r a v., V o c , 763 . 
P r y c e , . H . L . , 1 9 5 0 , P h y s . R e v . , 8 0 , 1 1 0 7 . 
R a h i , I . I . , 1937, P h y s . R e v „ . 51., 6 5 2 . 
, Ramsey , N , F . , S c h w i n g e r , J . , 195U, R e v . Mod. P h y s . , 
2 6 , 1 6 7 . 
R a c h , 0 . , 19U2a, P h y s . R e v . , 61, 136. 
, 19U2b, P h y s . R e v . , 6 2 , I t f S . 
, 19U3, F h y a . R e v . , 63, 367. 
R e d f i e l d , D . , 1965, P h y s , R e v . , I j j j ) , A 2 0 5 6 . 
R o b e r t s , L . E . _ _ J . ? and M a r k i n , T . _l±._,_ 1_9_P_7_, P r o c . B r i t . 
Cerarn . 8 0 c . H o . 8 , 2 0 1 . 
R o t h , H* S . , 1956, J . R e s . N a t l . B u r . S t d . , N o . 1 , p . 17. 
R u f f , 0 . , and B h e r t , P . , 1929, Z . A n o r g . A l l g e r n . C h e m . , 
180, 1 9 . 
R y s c h l c e w . i t c h , E . , 1 9 6 0 , O x i d e C e r a m i c s , ( l : . Y . , A c a d e m i c 
P r e s s ) , p . 3 5 0 etcV" 
S a v o e t i a n o w a , 1 9 3 0 , Z . P h y s i k , 61*., 2 6 2 . 
S a w y e r , J . , H y d e , B . , a n d E y r i n g , L . , 1965, B u l l . S o c . 
G h i m . P r a n c e , 11 9 0 . 
S c h m i d t , - J . , and S o l o m o n , I . , 1966, J . A n , A p p l . P h y s , 3 7 , 
3 7 1 9 . 
S c h o t t k y , V / . , 1 9 3 5 , V . ' i s s . V e r o f f e n t l . S i e i a e n s - ^ / e r k c n , <+1_, 1 . 
S c h u l t z , 3 . , and L a t h a m , C , 1 9 6 5 , P h y s . R e v . L e t t . 1J5, I'-i-b. 
S c h u l t z , 3 . , and S h a n a b a r t e r , R . , 1 9 6 6 , P h y s . R e v . 
L e t t e r s , 1_6. 1 7 8 . 
S 1 i c h t e r , C . P . , 1963, Trineipl_e_s o f l . ; a i c t i c _ R e s o n a n . c e , 
( I F . - Y . , H a r c o r iind vioii) ~ ~ ~ 
1 6 7 . 
S m i t h , D . K . , 1 9 6 6 , J . Am. Coram. S o c . , 49„, 625 . 
S t r a t t r o n , .T. A . , 1 9 4 1 , i^^ctromaj^!}et:]x JPheo_ry_, ( M . Y . , 
McGraw R i l l ) " ' ~ 
S t r i c k i e r , D . 7 / . , and C a r l a o n , .V. G . , 1964, J . Am. Cera! ! ' . 
3 o c , 4 7 , 1 2 2 . 
, , 1 9 6 9 , J . Am. C e r a a i . S o c . 4 8 , 2 8 6 , 
S u g a n o , 3 . , 1960 , P r o g r . T h e o r . P h y s . O s a k a . S u p p l . j>7o .i.'.}., 
p . 6 6 . 
T a n a b e , Y . , 1 9 6 0 , P r o g r . The:or . P h y s . , O s a k a . S u p p l e . # 0 . 1 4 , 
P . 1 7 . 
T a u c , J . , 1966 , The o p t i c a l ^rgpertiea o f S o l i d s 
P r o c . I n t . S c h o o l of" PhyTfos" £ £ r T o o P e r m i , C o u r s e 34 , 
3 d . J . T a u c ( N . Y . , A c a d e m i c P r e s s ) , p . 6 3 . 
•t 1 9 6 9 , O p t i c a l P r o p e r t i e s o f S o l i d s , E d . P . A b e l e s 
( A m s t e r d a m j ' l T o r t h H o l l a n d J ^ 
T o y a z a w a , Y . , 1964 , T e c h . K e p t , o f t h e I n s t , f o r S o l i d 
S t a t e P h y s i c s ( U n i v . of T o k y o , S e r . A , iTo . 119) 
Urba-e-h-,—p-rr-1-953-, " P h y s r . - R e r v ; , - ^ 3 , 1 3 2 4 . 
Van V l e c k , J . H . , 1 9 3 2 , E l e c t r i c and M a g n e t i c S u s c e p t i b i l i t i e s 
( O x f o r d U n i v . P r e s s 5 ~ 
1 9 3 5 , J . Chem. P h y s . , 3 , 8 0 7 . 
1940 , P h y s . R e v . 5 7 , 4 2 6 . 
V e s c i a l , P . , V a n d e r V e n . N. S . and S h u m a c h e r , R . T . , 1964 , 
P h y s . R e v . , 1 3 4 , A 1 2 8 6 . 
W a g n e r , C , 1 9 4 3 , N a t u r w . , 31 , 2 6 5 . 
W a l s h , .7. M , , Ruiop, L . vV. , and S c h m i d t , P . H . , 1 9 6 6 a , 
P h y s . R e v . , 142 , 4 1 4 . 
, ; . 1 9 6 6 b , P h y s . Rev 
L e t fcer s , "ToT 1~8T. 
• 
V.'eber, B . C , 1 9 6 4 , A e r o s p a c e J l enea rc ) ! l a b s . , R e : ! ; . 
A R L - 6 4 - 2 0 5 . 
v i ' e c k e r s h e i m , K . A . , a n d L e f e v e r , R. A . , 1 9 6 1 , J . O p t . S o c , 
A m . , 51 , 1 1 4 7 . 
•1 C '' 
' . /oi i i iniver , <). L . , a n i '.v.: i";ai:y, 1 "•/!-, 0". Glif.-.. :.;hy; ; . , 
IP . i . 
Yafesl., Y . , 1^6;>, 3 o l i J J / O i i i ^ i j . / y £ A : ; ^ * Se i t / , , 
Zavo.isky, j . , 1 9 ^ ^ j , phy:;. (U33R), .9, : - 1 1 • 
9 OCT1W3 
